
PR (WI I I INCS 0 1 1111 Sd ('0

I N I I R NA I 10\A I SN N1 N)SI 11 M 0\

DIAMOND MANTERIALS

Edited by

A J PUrdes B to Meyers6n

Texas Instr.L.HrIents ln' IBM T J Watson Re6earch Cente(

Dallas, Texas Yorktown Heights, New York

J C Angus K E Spear

Case Western Reserve University Pennsylvania Slate Univ rsity

Cleveland, Ohio' 'University Park, Pennsylyania

R IF 'Davis M Yoder

North Carolina State University Office of Naval Research

Raleigh, North'Carolina Arlington, Virginia

--- ff-RI-BUTION STATEMENT A

Approved for public release; CA.
Distribution UnIlraited

S E P 1 7 '99 1

0114 E G THIC NCE ANO It CHN01,0GY FLFGTHONICS,
ANO HIGI i If MPf RA 11111f MA Tt RIAI S DIVIS/()NS

f)ro(,e(,(jincj,, Voiti.me 91 8

I HE EL I M)CHFMICAL YAJIL TY IN(, 10 sotim Mun t P(.rmm(jfon, NJ 08534-2896.



SECURITY CLASSIFICATION O THIS PAGE
SForm APADrovf d

REPORT DOCUMENTATION PAGE -MeND 0704 OorL

la REPORT SECURITY CLASSIFICATION lb RESTRICTIVcE MARKINGS

2j SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION /AVAILAB!LITY Oi-,jPORT
NA

2b DECASSIFICATION / DO NrGRADiNG'CHEDIJLE Dis tributior' Unlimited
____ ___ ___ ____ ___ ___ NA

4 PERFORMING ORGANIZATION RFPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)

The Electrocieimical Society, Inc. NA

6a NAME OF PERFORMIN ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION
(If applicable)

he Electrochemical Society, I . NApa Office of Navl Research

6c. ADDRESS (City, State, and ZIP Code) 7b ADDRESS (City, State, and ZIP Code)

Pennington, New Jersey 08534-2896 33 Third Avenue
New York, NY 10003-9998

8a. NAME OF FUNDING/SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Office of Naval Research 1114SS N0014-91-J-1419
8c. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS

800 North Quincy St. PROGRAM I'PROJECT TASK WORK UNITELEMENT NO INO NO ACCESSION NO
Arlington, VA. 22217-5000 414sOO---

11 TITLE (Include Sec.,.;y soassitication)

Second International Symposium on Dimond Materials

12 PERSONAL AUTHOR(S) A. 3. Purdes

13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) 15 PAGE COUNT
Annual I FROM 5/91 TO 4/92 91/9/5

16 ;UPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP

Diamond Materials

10 ABSTRACT (Continue on reverse if necessary and identify by block number)
:;- This symposium will address all aspects of diamond materials science and technology

from growth fundamentals to applications. Both invited and contributed papers will be
included. Contributed papers are solicited on the following topics: (t) synthesis
techniques; L2 ) vapor phase diagnostics; (3) nucleation and crystal growth;(4) microstructur I
characterization and local atomic order; (5) mechancial behavior; (6) optical properties;
(7) electronic properties; and(81 manufacturing issues. Papers on appropriate related
topics are also welcome.

91-10696

20 DISTRIBUTION/AVAILABILITY OF ABSTRACT 121 ABSTRACT SECURITY CLASSIFICATION
@UNCLASSIFIED/UNLIMITED 0 SAME AS RPT El DTIC USERS I Unclassified

22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) T"2¢ OFFICE SYMBOL

Max Yoder ,703 696-4218I lll4SS
DO Form 1473, JUN 86 Previous editions are obsolete SECURITY CLASSIFICATION OF THIS PA(IF

-l--.s9-N ,Im ()2-T r 1mi m



PROCEEDINGS OF THE SECOND
INTERNATIONAL SYMPOSIUM ON

S'DIAMOND MATERIALS .°.

Edited by

A. J., Purdes B. M. Meyerson
Texas Instruments Inc. IBM T. J. Watson Research Center
Dallas, Texas Yorktown Heights, New York

J. C. Angus K. E. Spear
Case Western Reserve University Pennsylvania State University
Cleveland, Ohio University Park, Pennsylvania

R. F. Davis M. Yoder
North Carolina State University Office of Naval Research
Raleigh, North Carolina Arlington, Virginia

AcesIoa F r

7 , 4 GL&I

D13trtbution/

._lablt Codes

fist peia

DIELECTRIC SCIENCE AND TECHNOLOGY, ELECTRONICS,
AND HIGH TEMPERATURE MATERIALS DIVISIONS

Proceedings Volume 91-8

THE ELECTROCHEMICAL SOCIETY, INC.,, 10 South Main St.,, Pennington, NJ 08534-2896

A'



Copyright 1991

by

The Electrochemical Society, Incorporated

Papers contained herein may not be

reprinted and may not be digested by pub-

lications other than those of The Electrochemical

Society in excess of 1/6 of the material presented.

This work relates to Department of Navy G'ant N00014-91-J-1419
issued by the Office of Naval Research. The United States Government

has a royalty-free license throughout the world in all
copyrightable material contained herein.

Library of Congress Catalog Number: 91-174037

Printed in the United States of America



PREFACE

The Second International Symposium on Diamond Materials
was held as part of the 179th Meeting of The Electrochemical Society in
Washington, DC, May 5-10, 1991.

In recognition of the growing worldwide interest in CVD diamond
science and technology, the objective of The Electrochemical Society was
to provide an international forum for the presentation and discussion of
recent research and development in this field. The following Symposium
Organizers from the U.S.A., Europe, and Japan were responsible for
inviting internationally recognized diamond workers, soliciting contributed
papers, planning, and chairing Symposium sessions.

U.S.A.

A. J. Purdes Texas Instruments Inc., MS 147, P.O. Box 655936, Dallas, TX
75265

J. C. Angus Chemical Engineering Department, Case Western Reserve
University, Cleveland, OH 44106

R. F. Davis Department of Materials Science and Engineering, North Carolina
State University, Raleigh, NC 27695

B. M. Meyerson IBM T. J. Watson Research Center, P. 0. Box 218, Yorktown
Heights, NY 10598

T. D. Moustakas College of Engineering, Boston University, 44 Cummington St,
Boston, MA 02215

K. V. Ravi Lockheed Missles and Space Co., Res. and Dev. Division Org.
93/10 B204, 3251 Hanover St., Palo Alto, CA 94304

K. E. Spear Department of Materials Science and Engineering, The
Pennsylvania State University, University Park, PA
16802

M. Yoder ONR Code 1114, Office of Naval Research, Arlington, VA
22217

Europe

P. Koidl Fraunhofer-Institut fur angewandte Festkorperphysik,
Eckerstrasse 4, D-7800, Freiburg, Germany

B. Lux Technical University of Austria, Getreidemarkt 9, A-1060 Wein,
Austria

Japan

N. Setaka National Institute for Research in Inorganic Materials, 1-1 Nanilki,
Tsukuba, Ibaraki 305, Japan

S. Yazu Itami Research Laboratories, Sumitomo Electric Industries Ltd., 1-
1-1, Koyakita, Itarni, Hyogo 664, Japan
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This Proceedings Volume contains 76 of the 92 papers which
were presented at the Washington, D.C. meeting in May 1991. Due to an
anticipated strong continuing interest in CVD diamond, the Dielectric
Science and Technology, Electronics, and High Temperature Materials
Divisions of The Electrochemical Society have planned future diamond
symposia on a 2-year schedule.

The Third International Symposium on Diamond Materials
will be held in Honolulu, Hawaii, May 16-21, 1993. This symposium will
be part of the 183rd Electrochemical Society Meeting, to be held in
cooperation with the Japanese Society of Applied Physics and The Japanese
Electrochemical Society. The Call for Papers for this symposium is
shown on the following page.
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ANNOUNCEMENT AND CALL FOR PAPERS

Third International Symposium
on Diamond Materials

May 16-21, 1993
Honolulu, Hawaii

The Third International Symposium on Diamond Materials will be held in
Honolulu, Hawaii during May 16-21, 1993 as part of the 183rd Meeting of
The Electrochemical Society, Inc. The Symposium is co-sponsored by The
Electrochemical Society of Japan with cooperation of the Japanese Society
of Applied Physics. The three organizing divisions of The Electrochemical
Society are: Dielectric Science and Technology, Electronics, and High
Temperature Materials.

The Symposium objective is to provide an international forum for the
presentation and discussion of recent developments in the science, process
technology, and applications of diamond and related materials. The
following is a partial list of topics to be addressed:

Fundamental Principles Related to Diamond Synthesis:
• Theoretical modeling and measurements of gas and surface chemistry,

thermochemistry, kinetics, mass and energy transport, and fluid
dynamics.

• Mechanisms of nucleation and renucleation, growth, and partial
equilibrium.

• Influence of gaseous species or transport processes on mechanisms,
rates, and deposit quality.

Experimental Approaches and Control:
" Single crystal growth, homo- and hetero-epitaxy.,
" Polycrystalline microstructure control.
* Advanced in situ characterization for diagnostics and control.
• Unique growth and activation methods.
Propgrties and Applications:
0 Physical, chemical, and mechanical behavior
0 Electrical and electronic devices, thermal characteristics, optical,

optoelectronics, and tribology.
Manmfatri
* Scaleup, product uniformity, reliability, and yield.

Continued on revese.
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Call for Papers continued.

As in preceding symposia in this series, a Symposium Proceedings volume
will be published and will include invited and contributed papers.
Contributed papers will include both oral and poster presentations.
All authors must strictly meet the following deadlines:

Oct 31. 1992: 75-word abstract and extended abstract due to:
(i) The Electrochemical Society Headquarters, with copies
sent to:
(ii) K.E. Spear (addresses for both given below).

Feb. 1. 1993: Authors meeting above abstract deadline will be sent
instructions for proceedings volume manuscripts.

April 1. 1993: Camera-ready manuscripts completed according to
instructions due to K.E Spear.

Symposium inquiries and suggestions for invited speakers and special
session topics should be sent to any of the following three ECS conference
organizers:

K.E. Spear
201 Steidle Bldg
Penn State University,
University Park, PA 16802
Tel: (814) 865-4992 FAX: (814) 865-2917

J. P. Dismukes
Exxon Research and Engineering Co.
Annandale, NJ 08801
Tel: (908) 730-2997 FAX: (908) 730-3042

K.V. Ravi
Lockheed Missiles and Space Co.
R&D Org.
93/10 - B204
Palo Alto, CA 94304
Tel: (415) 424-2588 FAX: (415) 354-5795

Address for sending abstracts and for information on program and
accommodations: The Electrochemical Society, Inc., 10 South Main Street,
Pennington, NJ 08534-2896 U.S.A.
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FACTS ABOUT THE ELECTROCHEMICAL SOCIETY, INC.

The Electrochemical Society, Inc., is a nonprofit, scientific, educational,
international, individual membership organization founded for the advancement of
the theory and practice of electrochemistry, electrothermics, electronics, and allied
subjects. The Society was founded in Philadelphia in 1902 and incorporated in 1930.
There are currently over 5000 scientists and engineers from more than 40 countries
who hold individual membership; the Society is also supported by more than 100
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JOURNAL OF THE ELECTROCHEMICAL SOCIETY -
The JOURNAL is a monthly publication containing technical
papers covering basic research and technology of interest in
the areas of concern to the Society. Papers submitted for
publication are subjected to careful evaluation and review by
authorities in the field before acceptance, and high standards
are maintained for the technical content of the JOURNAL

EXTENDED ABSTRACTS - Extended abstracts of the
technical papers presented at the Spring and Fall Meetings
of the Society are published in serialized softbound volumes.

PROCEEDINGS VOLUMES - Papers presented in
symposia at Society and Topical Meetings are published from
time to time as serialized softbound Proceedings Volumes.
These provide up-to-date views of specialized topics and
frequently offer comprehensive treatment of rapidly
developing areas.

MONOGRAPh VOLUMES - The Society has, for a number
of years, sponsored the publication of hardbound Monograph
Volumes, which provide authoritative accounts of specific
topics in electrochemistry, solid state science and related
disciplines.

xv



PART I: SYNTHESIS

k61



DIAMOND GROWTH WITH THERMAL ACTIVATION OF CARBON-
HYDROGRN-HALOGEN SYSTEMS AND GROWTH ENHANCEMENT

WITH THE ADDITION OF OXYGEN

D. E. Patterson, C. J. Chu, B. J. Bai, Z. L. Xiao, N. J. Komplin, R. H. Hauge, and J. L.
Margrave

Rice University, Department of Chemistry, P. O. Box 1892, Houston, TX 77251 and The
Houston Advanced Research Center, 4800 Research Forest Drive, The Woodlands, TX

77381

ABSTRACT

Diamond deposition has been primarily carried out with
hydrocarbon-hydrogen-oxygen based systems. In these systems, the
hydrogen atom as well as other free radicals, e. g., CH3, are formed with
hot filaments, plasmas, flames, etc. In most cases, diamond is thought to
form with the evolution of H2 as the final step in the carbon bond formation
process. In halogen containing systems, the evolution of HX (where X is a
halogen atom) has been suggested as being in par- responsible for the lower
diamond growth temperatures in these systems. The importance of oxygen
as an additive which enhances the halogen-assisted process is discussed.

INTRODUCTION

At present, there are a variety of techniques for producing chemical vapor deposited
(CVD) diamond films and particles. Common to all of these processes are reactive species
containing carbon and hydrogen in some form. Most of these techniques further employ
some high energy method for dissociating hydrogen molecules into atoms in order to make
the process viable. All have their relative merits and problems. It has been hypothesized by
a number of researchers that with a halogen-based system CVD diamond growth could be
accomplished with results exceeding those presently achieved. These systems incorporate
either elemental halogen in conjunction with a hydrocarbon or some halogen-containing
carbon species. These suggestions are based on a thermodynamic argument that a halogen-
based reaction will produce as a major by-product HX molecules (where X is a halogen
atom) instead of the less stable hydrogen molecules which are produced in standard CVD
diamond systems. While diamond has been produced with some success in reaction
systems where a halogen has been added to the reactant mixture, most of this work still
employs high energy activation of the reactant species (1,2, 3).

There have also been a few citations in the literature of CVD diamond deposition
methods employing halogens that work without some high energy preactivation. B. V,
Spitsyn and B. V. Derjagin were the first to report a simple pyrolytic halogen-based
process for growing CVD diamond on diamond substrates employing either CBr 4 or C14 as
the principle reactive species (4). R. A. Rudder, et al., also reported the use of elemental
luorine in conjunction with CF4 to grow diamond on diamo)nd (5). This process,
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however, appears not to be thermodynamically sound, and the diamond growths were most
likely due to impurities in the reactor such as residual hydrogen. A recent Japancse patent
reports a simple chlorine-based pyrolytic technique which claimed the production of CVD
dianmond on a variety of substrates using elemental chlorine in combination with methane or
using CCI4 and hydrogen (6). Most recently, the authors have reported a method for
producing CVD diamond films and particles employing a simple thermally activated
alogen-assisted technique operating at ambient pressures. This method uses a variety of

halogen-based reactant gases with deposition tmmperatures between ca. 750 and 250 *C (7).
We report here on further developments with low temperature halogen-assisted CVD
diamond deposition.

EXPERIMENTAL

All of the reactions were carried out in a simple flow tube syste'm that allows the
reactant gases (whose structures are comprised of carbon, hydrogen, oxygen, and halogen
atoms) to be passed dynamically through a resistively heated reaction chamber into which a
suitable growth substrate has been placed. The spent gases flow out of the chamber, can be
trapped for further analysis, and finally flow into various cleaning traps before exiting into
a vent hood. The entire system works at ambient pressure although studies are underway to
determine the effects of other pressures in the system. The reactant gases are comprised of
either elemental fluorine (Air Products, 98%) and a simple hydrocarbon such as methane or
ethane (various sources) or of hydrogen (AirCo, 99%) and a simple halocarbon (various
sources). It has been found that the addition of oxygen to the reactants in the form of pure
02, air, H20, C02, or bound to the carbon in the reactant molecule, e. g., as CH3O,
enhances the growth of diamond. The reactant gases are typically diluted with an inert gas
such as He. The gases (other than fluorine) can be dried with CaSO4 or used as supplied,
the liquid reactants are used as supplied, and the F2 is treated with NaF beforehand in order
to remove HF. The carbon containing gas is typically held to less than 5% of the overall
gas composition in order to retard the formation of non-diamond carbon. Flow rates are
monitored by mass flow meters and are typically on the order of 0 25 to 10 sccm for the
carbon containing gas, 0.5 to 20 sccm for fluorine (for reactions using fluorine), 50 to 200
sccm for hydrogen (for reactions using hydrogen), 0.001 to 1 sccm for oxygen, air, H20,
or C02, and 0 to 250 sccm for any inert gas.

The flow tube reaction, chambers are made of Monel 400 and range from 6.35 to 50.8
mm in inside diameter and from 0.3 to 1 meter in length. Some experiments not involving
fluorine are performed in quartz or Vycor tubing of the same dimensions as those for the
Monel tubing. The reactors are heated resistively from 700 to 950 *C with temperatures
being monitored by standard thermocouples. The tube reactors are water-cooled (for the
Monel system) or air-cooled (for the quartz/Vycor system) before the fittings that connect
them to the rest of the system. This sets up a temperature gradient in the reactors which
allows for diamond growth typically in the region of the reactors between ca. 250 °C and
750 0C.

Sample substrates are prepolished with fine diamond grit (<1 gm) and then cleaned of
any residual diamond. They are subsequently placed into the reactors before gas flow
begins. Diamond deposition times range from several hours to several days depending on
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the amount of growth desired.

Verification of diamond growth was provided via Raman spectroscopy (Spex Model
#1403 employing a Liconix 5300 Ar+-ion laser operating at 488 nm) and X-ray diffraction
(Phillips Model A PW 1840/01/11). Diamond growth rates and morphologies were
determined via optical and SEM (Jeol Model #5300) photomicrographs of diamond
crystallites.

Off gases from the experiments were analyzed via matrix isolation FT-IR
spectroscopy. The details of this apparatus have been previously explained (8). In this
analysis, the gas.s were trapped with Ar in approximately a 1:1000 reactant gas:Ar rato at
ca. 12 K. FT-IR analysis of the trapped gases was performed using an IBM 98 FT-IR
interfaced to the matrix isolation unit.

RESULTS

Thermodynair. -
As has been pointed out earlier, a partial rationale for the low temperature halogen-

assisted process for producing diamond films and particles is a simple thermodynamic
argument. That is, if a more stable end-product other than elemental hydrogen can be
produced in the CVD diamond process, it should be easier to deposit CVD diamond, i. e.,
the more exothermic that the basic reaction for producing diamond is, the more likely it is
that diamond will be produced and the more likely that diamond will be produced at lower
temperatures. Table I explicitly illustrates the increased free energies of formation that are
achieved by producing solid carbon and a hydrogen halide and/or water as opposed to solid
carbon and hydrogen ( 9, 10). It is important to note that these values are for the formation
of graphite and not diamond as diamond is metastable under the conditions for these
values. The mystery of why diamond forms instead of graphite is not evident. However,
recall that the free energy of formation of diamond is only slightly higher than that of
graphite (AG = 2.87 kJ/mol) (10). Further, it is important to note that we have achieved
our best diamond depositions with non-stoichiometric amounts of reactants. A number of
these systems will be disr~ussed in more detail below.

Hydrocarbon / F2 / He Systems
We have earlier reported that simple hydrocarbons such as methane and ethane could

be used in combination with elemental fluorine to produce diamond on a number of
substrates (7). In an effort to better understand the halogen-assisted process, the previous
reaction systems were modified to be leak tight, i. e., the new systems were pressurized to
greater than three atmospheres with no apparent leakage of gas. Upon doing this, however,
diamond growth decreased substantially using a standard mixture of methane and fluorine
diluted with helium. This mixture, in the past, had always produced diamond. As the best
diamond growth in the past had also been achieved with natural gas instead of pure
methane, this was employed in the new reactor. Enhanced diamond growth using natural
gas was again found to occur using approximately 5% natural gas and 0.5% fluorine
diluted in helium. A SEM photomicrograph of this growth is given in Figure i, and the
Raman spectrum of this growth showed a single peak at 1332 cm"1 indicating pure
diamond growth in the deposition region. Figure 1 indicates that single crystals of diamond
(as opposed to a film) were grown. The diamond was deposited in a region of the reactor
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ranging in temperature from ca. 750 CC to ca. 300 C. Diamond deposition in a cooler
region of the reactor rather than the hot (ca. 875 0C) central portion of the reactor is the
same as reported earlier.

A typical analysis of natural gas is: CH4 93.63 %, C2H6 3.58%, C3H8 1.02%, CO2
0.70%, N2 0.47%, isobutane 0.21%, n-butane 0.19%, isopentane 0.06%, n-pentane
0.06%, hexane 0.02%, and heptanes and larger hydrocarbons 0.06% (11). T-butyl
mercaptan is usually added to natural gas as an odorizer in a few parts per million and trace
amounts of oxygen and water may also be present. This points to the likelihood of one of
the "impurities" in natural gas as having an important role in diamond deposition. This is
most likely due to the presence of oxygen in sonic form, e. g., C0 2 , water, etc.

In order to test this hypothesis, trace amounts of oxygen (pure or in compressed air),
C0 2, and water were added to a mixture of pure methane and fluorine which was again
diluted with helium (typically 4% methane, 0.5% fluorine, and the balance helium). In all
cases, diamond growth (based on the number of diamond crystallites formed) was
enhanced by the incorporation of small amouts of these additives. Typical amounts of these
additives are: 0.4 - 1% C0 2 , 0.01 - 0.1% oxygen, and 0.2 -1% water in the overall gas
mixture. Figure 2 gives the SEM of a single diamond grown in an oxygen-addition system
again showing that the growth of single particles, as opposed to films, is favored in this
system and further showing that rather large single crystals can be grown with this method.
Note the growth layers that are quite evident in this particle. Diamond growth again
decreased if significantly larger amounts of the additives were included in the reaction
mixture. The diamond that is being produced in these systems is usually accompanied by
graphite.

Alcohol / F2 / He Systems
As oxygen apparently enhances the growth of diamond in the halogen-assisted system,

it seemed likely that good diamond depositions might be achieved by incorporating oxygen
into the reaction system by using an alcohol, aldehyde, ketone, organic acid, or similar
molecule. To date, we have only been successful with CH3OH. The CH3OH is supplied to
the reaction system in place of other hydrocarbons in amounts ranging from 0.5% to 3% of
the total gas mixture (again supplying ca 0.5 % fluorine and the balance being helium) and
produces pure diamond particles as evidenced by a single Raman peak at 1332 cm-1 and no

graphite signature (see Figure 3). Growth rates are still rather slow (< Iam per hour) and
particles tend to form rather than continuous films. In this case, the best growths were
noted with ca. 1% methanol in the gas mixture. It is also noted in using methanol that the
reaction produces much less graphite than found when methane or natural gas is the source
of carbon.

In the methane / natural gas reactions, there is a considerable graphitic deposit in the
hot central portion of the reactor as well as a graphitic deposit in the cooler diamond
growing region in the oxygen addition experiments. In the methanol case, however, there
is no noticeable graphite formation anywhere in the reactor. In both cases, diamond
formation occurs in that region of the reactor which is held from ca. 750 'C to ca. 300 *C.
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Chlorofluorocarbon (CFC) / H2 / He Systems
In the past, a number of fluorocarbons, chlorofluorocarbons, chlorocarbons, and even

bromoform, and iodomethane were found to produce diamond when mixed with an excess
of hydrogen and reacted as described previously. Again, as we moved to our new clean,
air-tight system, the diamond growths were significantly decreased or ceased altogether.
Air was subsequently added to the reactant gases, and diamond growth was enhanced.
Typical reaction conditions for this case are: CFC: 0.5 - 1% in He, H2 : 50 % in He, and
air: 0.5 - 1% in He. The diamond formed by these reactions is often accompanied by more
graphite than are the reactions employing elemental fluorine. This is indicated in Figure 4.
It should furthermore be noted that this type of CFC / hydrogen reaction produces both HF
and HCI, and that high flow rates, e. g., >5 sccm CCI2F2, of the reactant gases leads to
failure of the reaction chambers.

Hot Chamber Wall Reactions
As previously pointed out, the chamber material reacts with the reactant gases in many

if not all of these reactions. This is true for all types of reaction chamber materials tested to
date. Some of the reaction by-products that have been detected and identified from the
Monel 400 and Vycor chambers include: NiF 2, CuF2 , MnF 2, CrF3, AIF 3, NiC12 , CuCI2,

CuCI, NiO, Cu20, CuO, and SiF4 . Reaction chamber design modifications are underway

in an attempt to solve this problem.

Matrix Isolation Studies
Infrared matrix isolation analysis of the gases produced in a Monel hot wall reactor

indicate that the main carbon - fluorine containing species are CF4 and C2F6 when fluorine

is added to methane in an excess of helium. The addition of 02, C0 2, and H20 produces

CO, and, in the case of CO2 and H20, some methanol is produced.

CONCLUSIONS

While it is quite evident that diamond growth occurs using the low temperature
halogen-assisted technique, the mechanism for this growth is not understood nor is it
understood exactly what precursor species are necessary for the best diamond growths. It
appears highly unlikely that the methyl radical mechanism which operates in other CVD
reactors is responsible for diamond growth at the low temperatures (250 - 750 *C) observed
for the above process (12, 13, 14). For example, the methyl radical mechanism is known
to work best over the substrate temperature range of 900 - 1000 °C while a clear high
temperature limit of ca. 750 OC is known in the halogen-assisted case.

It also appears likely that the reactive species are long lived as they exist in the
downstream flow for periods of seconds. The flow velocity through the reactor is of the
order of 1 - 3 cm/sec, and the diamond is found to be produced over a 10 cm. long area in
the cooler exit region of the tubular reactor.

A requLrement for low temperature diamond growth seems to be that the reaction be
highly thermodynancally favored as shown in Table I. This is generally accomplished by
formation of solid carbon and very stable gaseous fluorides and chlorides such as HF and
HCI.
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The most important result of the present work has been to establish the importance of
having oxygen present in some form in the halogen-assisted CVD diamond process. The
addition of 02, C0 2, and water enhances the growth of diamond. When water and CO2 are
added, gas analysis has shown that methanol is formed in the reactor. It has also been
shown that methanol is an effective diamond precursor without the addition of auxiliary
oxygen. We have futher shown that CO does not lead to diamond growth.
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Figure 1. SEM pholomicrograph of the diamond particles deposited on a Monet substrate. Natural Gas
Flow Rate = 4 sccm, F2 Flow Rate = 0.5 sccm, He Flow Rate = 100 seem, Central Furnace Temperature =
880 0C, Deposition Time = 137 hr. Note growth along a scratch in the surface.

Figure 2. SEM photomicrograph of a diamond particle deposited on a copper substrate. CH4 Flow Rate = 6
sccm, F2 Flow Rate = 0.5 sccm, 02 Flow Rate = 0.05 sccm, He Flow Rate = 100 sccm, Central Furnace
Temperature = 880 0C, Deposition Time = 48 hr.
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TABLE 1. Reaction F.e Energies at 1000 K. (9, 10)

Bl rA(I-AWIr UIII mollD (ki/mofl AG. Jki/o)

CH4 -+ C + 2H2  94.3 89.8 -4.5

CH 4 + 2F2  C + 4HF 117.9 -1008.6 -1126.5

CH 3 F + F2  C + 3HF 110.5 -576.1 -686.6

CH2 F2 -+ C + 2HF 114.4 -88.3 -202.7

CHF3 + H2 -- C + 3HF 139.6 -121.0 -260.6

CF 4 + 212 - C + 4HF 175.4 -164.6 -340.0

CHCIF2 + H2 -* C + HCI + 2HF 128.9 -158.8 -287.7

CHCI3 + H2 -+ C + 3HCI 137.7 -179.2 -316.9

CCI2 F2 + 2H2 -+ C + 2HCI 2HF 158.1 -249.5 -407.6

CC!4 + 2H 2 -+ C + 4HCI 171.7 -288.0 -459.7

CH 3 OH + F2 -+ C + H2 0 + 2HF 119.0 -606.9 -725.9

CH 3CH2 OH + 2F2 -+ 2C + H20 + 411F 231.7 -1127.0 -1358.7

HCOOH + F2 -- C + 02 + 2HF 123.2 -178.3 -301.5

30000
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.Z 200001
C

15000.

10000 ...
1200 1300 1400 1500 1600 1700 1800

Wavenumbers (cm- I)

Figure 3. Raman spectrum of diamond deposited on a Monel substrate at ca. 450 OC. MeOH Flow Rate -
1.2 sccm, F2 Flow Rate = 0.5 sccm, He Flow Rate = 100 sccm, Central Furnace Temperature = 890 OC,
Deposition Time = 44 hr.,
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Figure 4. Raman spectrum of diamond deposited on a Monel substrate at ca. 350 OC. CC12F2 Flow Rate =
0.5 sccm, H2 Flow Rate = 100 sccm, Air Flow Rate = 0.5 sccm, He Flow Rate - 100 sccm, Central
Furnace Temperature = 860 *C, Deposition Time = 19 hr.
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F 2 - CH 4 AND H2 - CF 4 GAS INTERACTIONS
ACROSS A HEATED GRAPHITE ELEMENT

R.k. Rudder, R.E. Thomas, G.C. Hudson, M.J. Mantini, and R.J Markunas
Research Triangle Institute, P.O.Box 12194, Research Triangle Park, NC 27709

ABSTRACT

We have investigated diamond film formation using mixed

hydrogen-halogen chemistries at sub-atmospheric pressures. This
work has been implemented in two reduced pressure cells. One
cell contained a heated gr.p,,hie element upon which reactant
gasses were passed. Only thermal activation was used in this
reduced pressure cell. Quadrupole mass spectroscopy was used to
identify reaction products in the cell. The other cell was a low
pres&,.e rf-plasma assisted chemical vapor deposition system.
Gasses which showed no thermal activation in the thermal cell
were admitted to this cell. It was found that F 2 is activated in the
thermal cell and can participate in reactions both in the gas phase
and at the graphite surface. HF and C2F 2H. were observed as by-
products of F 2 - CH4 gas interactions near the graphite oven. Car-
bon films that were deposited on nearby substrates proved not to
be diamond. Activation of H2 - CF 4 in the thermal cell was not
observed even at temperatures as high as 1000 * C. Plasma activa-
tion, on the other hand, does show evidence for HF and C2H2 for-
mation from the H2 - CF 4 gas system. With plasma activation of
H2 - CF 4 gas system, diamond deposition on as-received Si wafers
without any ex situ treatment of the surface to enhance diamond
nucleation is poss-ble.

Introduction

Recent work by Patterson et al.(1) and previous work by Rudder et al.(2)
have shown that diamond deposition from a fluorine-based en, ironment is possi-
ble. Patterson exploited the use of mixed fluorine-hydroen chemistries (i.e.,
F 2 and CH4) to form solid carbon through a proposed rer ion of:

CH4 + 2F 2 -+ C(,) + 4HF (I)

This reaction would be more exothermic than a correspunding hydrogen-
based reaction involving CH4 and H2. The hot zone of the Patterson-type reac-
tor operated between 700 and 950' C, and diamond growth occurred only in
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regions of the reactor where the temperature was between 250 and 750* C. Mix-
tures of either H2 and CF 4 or F2 and CH4 were reported to deposit diamond.

Experimental Apparatus and Approach

To gain insight into the fluorine-based process, we have performed a qua-
drupole mass spectroscopy of F2/CH 4 and H2/CF 4 gas interactions as a function
of temperature of the graphite surface. This work has been implemented in two
reduced pressure cells. One cell contained a heated graphite element upon
which reactant gasses were passed. Only thermal activation was available in
this reduced pressure cell. The other cell was a low pressure rf-plasma assisted
chemical vapor deposition system. Gasses which showed no activation in the
thermal cell were admitted to this cell.

The thermal work was performed in an UHV compatible chamber that is
evacuated by a corrosive series, 1000 I/s turbomolecular pump. Gases are admit-
ted into the chamber using mass flow controllers. The pressure in the chamber
is maintained at 0.500 Torr for F2 - CH4 or H2 - CF 4 gas work described here.
A graphite resistive heater is enclosed in the chamber as well as a sample heater
stage whereby growth attempts, independent of the graphite resistive heater,
can be assessed. The graphite heater is machined from a dense, fine-grain gra-
phite and is not highly oriented pyrolytic graphite. A mass quadrupole operating
at low emission (0.25 mA) is used to sample the gases exiting the reactor.
Changes in the gas composition as a function of substrate temperature or the
graphite heater temperature are monitored.

The plasma activated cell was a low pressure rf-plasma assisted chemical
vapor deposition system which has been used for the growth of diamond from
H2 - CH4 mixtures(3). The reactor cell consists of a stainless steel, 150 mm con-
flat flange, 6-way cross to which the reactor tube, pumps, control orifice valve,
vacuum gauges, mass spectrometer, and load lock are appended. The vacuum
system is evacuated by a Balzers 500 I/s corrosive series turbomolecular pump.
The base pressure of the reactor is 1.0 X 10- 7 Torr. The heater stage is
comprised of alumina standoffs separating the graphite susceptor from a gra
phite serpentine resistive heater. The reactiop cube consists of a double-walled
50 mm inside diameter quartz tube sealed to the stainless chamber by compres-
sion viton o-ring seals. The reactor tu , e is water cooled to maintain the water
temperature at 15 * C. An 8 mm water-cooled copper tube formed into a 3-turn
helix 100 mm long provides the inductive coupling from the rf generator to the

4. discharge. Wall deposits, for a limited time, can protect the quartz tube from
erosion by fluorine based processes.
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Experimental Results in Thermal Cell
The interactions of F atoms with both solid carbon such as graphite and

with gaseous carbon such as CH4, a graphite strip heater were studied in the
thermal cell. By adjusting the current through the graphite element, the reac-
tions of F2 and/or F with the densified graphite were monitored as a function of
temperature. One advantage in using a graphite heater to study the F2/CH 4
gas interactions is that reactions of fluorine with graphite have been previously
studied(4) so there exists comparative information. A second advantage to the
graphite heater is that it avoids questions of metal catalysis reactions. Two dif-
ficulties with the graphite heater are memory effects from gasses absorbing in
the porous graphite and delocalization of the hot zone across the machined gra-
phite. This results in some areas of the heater operating about 100 C colder
than the heater center. To ninimize the memory effects, the heater was
degassed at high temperatures before setting the temperature for each data
point.

Fluorine reactions with the heated graphite were monitored by admitting
the F2 without CH4 into the thermal cell. At elevated temperatures, fluorine
reacted with the graphite to form CF 4. The CF 4 formation was monitored in the
mass quadrupole through the mass peak at 69 arising from CF3. CF3 is the
dominant fragment in the ionizer when CF4 is introduced. Figure 1 shows the
observed CF 3 mass counts in the reactor as a function of the graphite cell tem-
perature. The CF 4 production is maximum at 600 C and is observed to
decrease for temperatures in excess of 950 C. The decrease in CF 4 production
below 600 * C is probably a consequence of the formation of solid graphite
fluoride. The temperature dependence is complicated by the fact that there is a
sul tantial temperature variation ± 100 * C across the graphite heater element.

After observing the CF 4 production from the hot cell with only F2 (admit-
ted as 1% F2 in He), CH4 was introduced into the hot cell. Upon introduction
of CH4 into the hot fluorine, the CF 4 production decreased. Fluorine interac-
tions with the CH4 in the gas phase apparently depleted the gas phase of
fluorine, resulting in a lower incident flux of F atoms to the graphite surface
and, consequently, a lower production rate of CF 4. This is the first evidence for
F2 - CH4 gas phase interactions. Besides the reduction in CF 4 production, the
introduction of CH 4 into the hot fluorine resulted in production of HF and
C2F2H, molecules. Figure 2 shows the production of those molecules as a func-
tion of the graphite temperature. Both exhibit a maximum in production
around 900 C. The temperature dependence for the HF production is more
pronounced than the temperature dependence for the C2F2H, production.
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This work suggests that the proposed reaction of Patterson et al. for solid
carbon production via equation (1) is basically correct. Our observP1 ons of gra-
phite gasification and the formation of HF and C2F2Hx suggests that the reac-
tion in equation (1) should be extended.

2F 2  CH 4 - Csohd + 4HF (700 ° C)

4F 2 + 2CH4 - C 2H2,F, + 6HF (700" C)
2F2 + Cgraphite - CF 4  (500 - 700" C)

In a similar manner, the H2 - CF 4 system was evaluated in the thermal cell.
At the pressure of 0.50 Torr, no evidence of by-product formation was observed
for temperatures below 1000 C. Temperatures higher than 1000'C and pres-
sures higher than 0.50 Torr were not evaluated. We assumed that temperatures
under 1000" C are not sufficient to produce H atoms from the H2 or F atoms
from the CF 4. Consequently, the H2 - CF 4 gas system in this pressure and tem-
perature range does not react with the graphite to produce gasification pro-
ducts, nor do they react with each other to form HF molecules.

Experimental Results in Plasma Cell

As a consequence of the inactivity of the H2 - CF 4 in the thermal cell, gas
mixtures of H2 and CF 4 were admitted into the low pressure rf plasma assisted
chemical vapor deposition system. Details of that work are being submitted else-
where(5). Briefly, dense nucleation of polycrystalline diamond films on Si(100)
substrates has been accomplished without the use of any surface pre-treatments
such as diamond scratching, oil-coating, or diamond-like carbon predeposition.
Films deposited at 5 Torr at 850 C, using an 8% CF 4 in H2 mixture, show
dense nucleation, well-defined facets, and crystallite sizes ranging from 500 -
10,000 A. Figure 3 shows scanning electron micrographs of the diamond surface
and a cleaved cross-section. Some roughening of the Si substrate is observed
from the cleaved section suggesting that the Si surface underwent some chemi-
cal modification prior to or during diamond nucleation. X-ray photoelectron
spectroscopy show the films to be diamond with no major chemicil impurity
and no detectable graphitic bonding. Besides carbon, fluorine is detected in the
x-ray photoelectron spectrum. A high resolution spectrum of the C Is line shows
that some carbon is bound to fluorine on the surface as exhibited by a distinct
feature at 288 eV, removed from the C-C bonding at 283 eV. A high resolution
spectrum of the C Is region is shown in Figure 4. The graphite ir - it* plasmon

is not present in the spectrum. The 34 eV bulk diamond plasmon is clearly
present, but not shown in the high-resolution spectrum. A pronounced 1332
cm- 1 Raman line was observed from the polycrystalline films along with a broad
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band at 1500 cm- .

Quadrupole mass spectroscopy of the gases downstream from the plasma
discharge reveals that the CF 4 - H2 plasma converts the carbon tetrafluoride
into HF and C2H2. No fluoromethane groups were observed. Given that, after
15 min into the plasma process, no fluorocarbon groups were detectable in the
mass spectrum, the generation rate of HF and C2H2 must have been equal to the
gas flow of CF 4 into the reactor, 3.2 sccrn.

Preliminary data indicates that this process is applicable to substrates
other than silicon. This process will have important applications in areas where
surface pretreatments, such as diamond polishing, are not viable. In particular,
this process may prove invaluable to those workers developing heteroepitaxy..
With conventional methane-based processes, nucleation is inhibited on sub-
strates other than diamond and c-BN. This process may allow heteroepitaxial
studies to be undertaken on substrates whereby previously there has been little
diamond nucleation.,
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Figure 3. SEM micrographs of a polycrystalline diamond film deposited from
the H2 - CF4 process.
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Abstract
This paper reports some properties of diamond prepared by the

microwave plasma method which have been studied using Raman,
absorption and cathodoluminescence spectroscopies, and secondary
ion mass spectroscopy (SIMS) analysis. It has been shown that single
crystals have good crystal alty I ast the rystalline
films g,own under the same conditions have appreciable amounts ofdouble bonds and strain. Contamination by elements contained in the
substrate holder was observed in the eptaxially grown diamond. Inaddition, attempts to grow diamond at substrate temperatures lower

than 5000C are reported.

1 .Introduction
Many methods have been developed for diamond synthesis from the gas

phase under thermodynamically metastable conditions. The growth features of
diamond obtained by the methods appear to have much in common. One of the
most Interesting features is that the crystals have well-defined habits and often
appear as octahedral, cubo-octahedral or multiply-twinned particles truncated by
the substrates. However, the properties of diamond obtained from the gas phase
seem to be influenced by the preparation methods. Such a tendency may be
especially marked for optical properties sensitive to internal structure suc as
impurities, defects and strain.

A microwave plasma method for diamond synthesis[I] has high stability of
experimental conditions during the deposition, good reproducibility of producis
and possibility for enlargement of the deposition area[2].

This paper reviews structural features and some properties of diamond pre-
pared by the microwave plasma method which have been studied using Raman,
absorption, cathodoluminescence spectroscopies, and secondary ion mass spec-
troscopy (SIMS).

2. Experimental
Figure 1 shows a schematic drawing of the microwave plasma CVD appara-

tus[I]. A silica glass tube 50mm in diameter was used as the deposition chamber.
The substrate, held on a pedestal in the chamber, was heated to deposition tem-
peratures by microwave absorption and heat transfer from the plasma without the
need of an additional heat source.

Diamond was deposited on silicon and diamond substrates from gaseous
mixtures of methane and hydrogen. The synthesis conditions were; total pressure
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of 5.3kPa, substrate temperatures in the range 300 to 900 0C and methane con-
centrations in hydrogen from 0.3 to 3.0%. Growth of diamond at substrate tem-
peratures lower than 5000C was carried out using seed crystals, obtained at
substrate temperatures of 800-8500C in the same apparatus, as substrates. Dia-
mond particles and some films were also synthesized in a mixed gas of methane
and hydrogen containing 0.5 to 1% water vapor. Three crystallographic planes
(100), (110) and (111) of natural diamond were used as substrates for epitaxial
growth. Diamond films for measurement of absorption spectra were polished us-
ing a specially designed polishing apparatus.

Raman spectra were measured using the 488.0 or 514.5 nm lines of an argon
ion laser for excitation. Cathodoluminescence and absorption spectra were meas-
ured with the diamonds at 77K. SIMS analyses were performed using Cameca
IMS-3f and IMS-4f Ion microanalyzers. For the primary ion beam, 0 + and Cs
Ions were used. Positive and negative secondary ions were measured'for 02+ and
Cs primary ions, respectively.

3. Characterization of Diamond Synthesized by Microwave Plasma CVD

3.1 Raman spectroscopy
Since Raman spectroscopy was used for the evaluation of CVD diamond [3],

the technique has been widely used In the field of CVD diamond research. The
technique is suitable not only to detect graphitic carbon contained In CVD dia-
mond but also to estimate the quality of diamond.

Figure 2a shows typical change in the Raman spectra of polycrystalline films
obtained at 910 0C as a function of methane concentration[4]. Changes In the
spectra are clearly observed when the concentrations increase from 2 to 3%. The
Raman line of diamond at about 1333cm 1 is fairly weak for the 3% film. Broad
bands at around at 1360 and 1600cm", due to highly disordered carbon, gradually
appear for concentrations higher than 2%. The concentrations at which the band
begins to be detected are dependent on the deposition temperature. The lower
the temperature the higher the concentration . Otherwise, the broad band near
1500 cm*' is observable in all of the samples shown in Fig.2. The band is thought
to be due to other types of double bonded carbon such as the linearly conjugated
double bond.

The Raman spectrum of the individual particles up to 100 lum (Fig. 3)[5]
shows that the width of the Raman line is around 2.3 cm"1, defined as the full width
at half maximum(FWHM). These values may be compared with the values of
around 2.0 - 3.0 cm"1 observed in natural type la and type Ila single crystals used
in this study. The line width increased with increasing methane concentrations
during preparation. The generation of secondary nucleation on the crystal surface
was also more prominent for the higher methane concentrations. The results indi-
cate that defects and impurities are more concentrated in the particles obtained at
higher methane concentrations. The peak position was observed to agree within
±0.15 cm"1 with those of the high pressure and natural single crystals. The spec.
trum measured in the wide range has shown that the broad Raman band centered
at 1450-1550 cm" due to double bonds is undetectably weak.

On the other hand, the Raman spectrum of polycrystalline films, obtained
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under the same conditions as the particles which exhibited an FWHM of 2.3 cm"1,
showed the line width broadened to 7.5 cm1, and the peak position shifted to
higher Raman energies by around 1.5 cm"1, which may be due to strain caused by
stress. It is also noted that the 1450-1550 cm"' band is present, though weak.

3.2 Absorption spectroscopy
Figure 4 shows absorption spectra of a single crystal, grown at 1.0% methane

and containing water vapor, and a polished polycrystalline film grown at 0.3%
methane[6]. Both samples show a continuously increasing absorption from low
energies to high energies. The absorption edge at 5.5 eV is clearly observed for
both the samples. However, for the polished films grown at methane concentra-
tions higher than 0.5%, the absorption edge was undetectable because of the
strong underlying absorption. The absorption In the UV region appears to be due
to non-diamond carbon. Since the Raman spectra of such a sample exhibit a
broad line centered at 1450-1550cm"1 , the above observation seems to be consis-
tent with the Raman results.

3.3 Cathodoluminescence spectroscopy
Figure 2b shows the results of cathodoluminescence measurements of dia-

mond films prepared at methane concentrations from 0.3 to 3%[4). The bright blue
emission has been observed in the cathodoluminescence spectrum of the film
obtained using 0.3% methane. The emission is attributed to donor-acceptor pair
recombination, and is identical to that observed for type Ila natural diamond. The
features detected at around 2.33eV, 2.47eV, and 2.57eV (Fig.2b) are characteris-
tic of CVD diamond, and are not observed in natural diamond or diamond pre-
pared by high pressure methods. As Raman lines indicating disordered carbon
are observed with increasing methane concentrations(Fig.2a), the weak features
observed at low energies in Fig.5a become relatively stronger, and additional lines
are observed in the spectra.

Diamond polycrystalline film with (100) preferred orientation[5], obtained at
850 0C and 3% methane, exhibits the emissions associated with the nitrogen
atom, interstitial carbon and the vacancy. The 5RL band with a zero-phonon line at
4.582 eV was typically detected for the film obtained at 3% methane. The results
Indicate that diamond may be contaminated with free carbon atoms at higher
methane concentrations.

Figure 5 shows intrinsic edge emission from diamond particles obtained at
0.5-2% methane containing water vapor[7]. The emissions indicate that the dia-
mond particles are pure with few structural defects. The edge emission is strong in
particles grown at lower methane concentration than 1%, and becomes relatively
weak with increasing concentrations. The emission is only observed in type Ila
diamond which is relatively free from defects[8]. No intrinsic edge emission is
observed in the polycrystalline diamond films prepared under the same conditions
as those for the particles exhibiting the edge emission. The results imply that the
growth and aggregation of particles with few structural defects result in films being
eavily strained, and that it is hard to get the polycrystalline film free from strain.

This tendency is supported by the Raman spectra of particles and film.
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3.4 Secondary ion mass spectroscopy
Secondary Ion mass spectroscopySIMS) has the possibility of detecting all

elements from hydrogen to uranium, an is a highly sensitive analytical method.

The depth profile of SIMS analysis of non-doped diamond epitaxially grown on
a substrate held on an alumina holder is given In Fig.619]. Values 1, 12 and 27 of
m/e indicate hydrogen, carbon and aluminum, respectively. Aluminum is consid-
ered to come from the substrate holder by impact of the plasma particles. A similar
phenom,,non has been observed In the results of diamond film grown using a
boron nitdde holder.These results suggest that contamination by the elements in
the substrate holder cannot be neglected for the film obtained using the plasma
enhanced method. Hydrogen is abundantly present in the starting gas mixture.
However, hydrogen seems to be present in the same concentration as In natural
diamond. In fact a growth layer with hydrogen concentration lower than that in
natural diamond has been obtained, as shown in Fig.6. Impurities with concentra-
tions higher than that in natural diamond have not been detected.

SIMS analyses of epitaxially grown films doped with boron have shown that
the concentrations of boron in the films depend on the concentrations in the
starting gas mixtures. The ratios of boron to carbon in the growth layers on (100),
(110) and (111) faces are shown in Fig.7. The results indicate that boron may be
doped in (111 ) and (110) at concentrations higher than that in the (100) face.

Growth layers doped with phosphorus were also analyzed using SIMS. In the
range of substrate temperature from 820 to 1000C, impurities in the growth layer
increased with increases in substrate temperatures. On the other hand, growth
rates increased as substrate temperatures decreased. Typical depth profiles of
SIMS analyses of phosphorus-doped diamond films obtained on (110) planes at
0.3% methane and 8200C are shown in Fig.8. The ratios of phosphorus to carbon
in the growth layer increase on (110) faces compared with (100) faces. The ratios
appear to be related to phosphorus concentrations in the starting gas mixtures.
The intensities of m/e= and 28 increase with increases of phosphorus in the
growth layer. Hydrogen seems to be bonded with phosphorus in diamond, since
the contents increase with increasing phosphorus intensities. A SIMS analysis of
the epitaxial growth layer with primary ion of Cs was performed for the detection
of oxygen. However, intensities of m/e=16 were almost the same in the growth
layer and the substrate. The result suggests that the content of oxygen in the
growth layer may be negligible.

4. Growth of diamond at lower temperatures.
Since typical substrate temperatures in CVD methods for diamond synthesis

are in the range 700 to 1000°C, substrates are restricted to heat-resistant materi-
als and the area of application is considerably limited. Growth of diamond at sub-
strate temperatures lower than 500 0C has been attempted using the microwave
plasma CVD method[10]. For all the growth-stage studies, individual cubo-octahe-
dral crystals of 2-51gm size grown at temperatures higher than 8000C were em-
ployed as nuclei for growth.

Typical changes in morphology of an individual crystal at 500 0C are shown In
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F1g.9. In the early stage of the growth, the morphology changes from the original
cubo-octahedron to octahedron, which indicates that the growth rate of the (100)
face, I.e., growth rate perpendicular to (100) plane, is substantially faster than that
of the (111) face. Further observation showed that once octahedral morphology is
attained, the crystal grows without changing the morphology. The growth rate at
5000C Is estimated to be about 150A/hr. The morphological change at 4000C is
similar to that observed at 5000C. The growth rate at 4000C is observed to be 60A/
hr. Growth at 3000C is also shown to be faster on the (100) face than on the (111)
face, and gives granular deposits on (100) faces, differing from the cryst Is grown
at higher temperatures. The growth rate at 30000 is approximately 10A/hr. The
growth rates in the range between 300 and 9000C shown in Fig.1 0 change line-
arly depending on the substrate temperatures.

Figure 11 shows the Raman spectra of a seed crystal and crystals grown at
substrate temperatures ranging from 400 to 7000C. It is noted that the broad band
at around 1450-1550cm"1, due to a double bond structure, is undetectably weak in
the range 500 to 7000C. In the Raman spectrum of the crystal grown at 4000C, the
1450-1550 cm 1 band is observed, though weak. The line widths as FWHM are
shown in the parenthesis of Fig. 11. The data show that the crystals grown at 400-
7000C are of reasonably high quality. Deposition at 2800C, the lowest temperature
in this study which is restricted by the detectable range of radiation thermometer
used here, gave deposits which are identified as diamond by electron diffraction.

5. Summary
Diamonds obtained by the microwave plasma CVD method have been char-

acterized using Raman spectroscopy, absorption spectroscopy, cathodolumines-
cence and secondary ion mass spectroscopy.

It has been shown from the results of measurements of optical properties that
single crystals of up to 100 im in size have good crystalline quality. In contrast, the
polycrystalline films grown under the same conditions have appreciable amounts
of double bond and strain.

SIMS analyses have indicated that contamination by elements of substrate
holder cannot be neglected for the diamond obtained, that contents of hydrogen
and oxygen are negligible small, that other impurities with concentration higher
than that in natural diamond are not detected, and that boron and phosphorus may
be doped in CVD diamond.

Growth of diamond at temperatures lower than 5000C has been attempted.
The Raman spectra have indicate that diamonds grown at 400 and 50000 are
high quality and similar to natural diamond. The deposition of diamond at 2800C
was confirmed.
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Fig.9 SEM images of typical crystals grown at 50000[1 0].
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Abstract

By alternating diamond synthesis with the activation of the diamond
surface with oxygen it' is shown that good quality diamond can be
synthesized at methane concentrations up to 15 % in hydrogen. This permits
an enhancement of the growth rate of diamond without degrading its
quality. It is proposed that the periodic activation of the diamond surface
with oxygen results in the creation of surface steps of atomic dimensions
that stabalize the diamond phase of carbon even at very high concentrations
of methane in the process gas mix.

Introduction

The conventionally accepted model for the low pressure synthesis of diamond is
based on the premise that a supersaturation of hydrogen in the process ambient promotes
the formation of diamond and suppresses the formation of non-diamond phases. The
most direct inter-relationship between process gas chemistry and diamond quality is the
relationship between the methane concentration in hydrogen and the purity of the
diamond synthesized. It is well established that as the methane concentration is increased
the concentration of non-diamond phases in the diamond increases. This is a direct
consequence of the reduction in hydrogen supersatration as the methane concentration is
increased.

In addition to the effects of hydrogen there has been significant interest in the
effects of oxygen on process variables such as the growth rate and the quality of
diamond. Additions of small quantities of oxygen to diamond forming plasmas has been
shown to result in enhanced or reduced growth rates, depending upon the concentration
of added oxygen, enhanced quality and the feasibility of synthesizing diamond at
temperatures lower than is possible without the addition of oxygen. The effects of
oxygen have been attributed to four processes: (a) the formation of additional radicals in
the gas phase, (b) the destruction of gas phase pyrocarbon species, (c) the removal of
non-diamond phases from the diamond surface and (d) the creation of a more reactive
surface. Mucha et. al. (1) have shown that a dominant effect of oxygen addition is to
increase the H atom concentration in the discharge. They attribute this increase in H atom
concentration to the accelerated removal of amorphous or graphitic carbon allotropes
which would otherwise compete with and inhibit diamond growth. Harris and Weiner (2)
have shown that the addition of oxygen to non-diamond growing environments, i.e., 7 %
methane in hydrogen, reduces the mole fractions of those species not containing oxygen
to levels found in diamond growing environments, i.e. 1 % methane in hydrogen. A
variation of the process whereby diamond growth is interspersed with a surface etching
reaction has been discussed in the literature. Mucha et al.(1) have shown that a marked
increase in the growth rate results when the process is partitioned into a diamond
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synthesis step involving 4 % methane in a helium discharge with an etching step
involving 15% hydrogen and 1 % oxygen in a helium discharge. This process, termed
alternating chemistry synthesis, has been suggested as being effective in removing non-
diamond bonded surface contaminants during the hydrogen/oxygen cycle, thus activating
the diamond surface for more efficient production of diamond during the methane/helium
cycle.

In this paper the effects of partitioning the deposition step and surface treatment
step are discussed in the light of mechanisms at work on the diamond surface. The effects
of surface structure of the diamond have been generally ignored in the literature and it will
be shown in this work that the surface structure of the growing diamond plays a very
important role in stabilising the diamond phase of carbon during the low pressure
synthesis of diamond.

Experimental

Alternating chemistry synthesis of diamond has been achieved by alternating
between a methane-hydrogen discharge and an oxygen-hydrogen discharge. A hydrogen
plasma utilizing a gas flow rate of 200 sccm and a pressure of 30 Torr was constantly
maintained over an appropriately prepared silicon substrate, at a substrate temperature of
- 850 *C, in a microwave discharge at a power level of 1.3 KW. Methane and oxygen
were alternatively added to the hydrogen discharge to achieve diamond growth (methane
cycle) and diamond etching (oxygen cycle) respectively. The concentrations of methane
and oxygen as well as the times of the two processes were varied. Typical times, in a
cycle, ranged from 2 to 5 minutes for diamond deposition alternated with 0.5 to 2
minutes for diamond etching. Using computer controlled mass flow controllers
alternating chemistry synthesis can be achieved for the desired length of time. Typical
deposition times reported in this paper were of 5 hours duration each. The substrates
used in these experiments were polished silicon wafers which were specially prepared to
achieve diamond nucleation in a predetermined matrix. Utilizing a combination of surface
damage, created by abrading with 0.25 gtm diamond paste, followed by photolithography
and selective etching, a square array of damage sites were created with localized damage
sites on the silicon surface ranging in size from 1 ;uu X 1 tm to 10 ttm X 10 Jtm. In this
paper the results of the experiments presented involve SEM micrographs of the crystals
and films since one of the key results of these experiments is the effect of alternating
chemistry on the morphology of diamond crystals and films.

Experimental Results.

The steady state growth of diamond utilizing mixtures of methane and hydrogen
typically results in well cystallized, crystallographically well defined films at methane
concentrations typically below 2% in hydrogen. At higher methane concentrations the
incorporation of non-diamond phases is accompanied by a degradation in the crystallinity
of the material and the development of rounded grains, often called a cauliflower
structure. This is shown in Figure 1.2% methane in hydrogen results in a crystalline film
with ( 111) facets predominating. An increase in methane concentration to 4 % results in
a cauliflower structure which is characterized by non-diamond bonded impurities.
Utilizing alternating chemistry processing, good quality diamond films can be obtained at
methane concentrations at which steady state processes lead to a significant concentration
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of non-diamond phases. The bottom electron micrograph in Figure I shows the structure
of a diamond film synthesized by the cyclic alternation of 4 % methane in hydrogen with
0.5 % oxygen in hydrogen, with a 2 minute duration for each process. Well formed
crystals are aggregated together to farm a film. This contrasts strongly with the structure
of the film obtained with a steady state process.

Increasing the methane concentration in hydrogen during the deposition step and
alternating with an oxidation step has been shown to result in good quality diamond with
continuing increase in the methane concentration, as evidenced by the surface structure of
the crystallites, up to methane concentrations of 15 % in hydrogen. In figure 2 well
formed crystals with smooth (100) and (111) faces are observed at a methane
concentration of 5% in hydrogen. As the methane concentration is increased, in
alternating chemistry processing, the 1 11) faces get rougher and less well defined. At a
methane concentration of 20 % the ( 100) faces are still observed to be smooth and well
formed while the ( 111 faces are covered with diamond-like carbon phases, as evidenced
by the very fine grained, cauliflower-like structure of these faces, as shown in Figure 4.

The growth rate of diamond films increases with increasing methane
concentration in hydrogen. However methane concentrations beyond about 3 % lead to
the incorporation of increasing amounts of non diamond phases. With alternate chemistry
processing, however, diamond quality can be maintained to very high methane
concentration levels, as shown above. This leads to the feasibility of significantly
enhancing growth rates without degrading the quality of the diamond. A plot of the
growth rate as a function of methane concentration is shown in Figure 3. The plot shows
the growth rate for a steady state process at low methane concentrations and for cyclical
growth for higher methane concentrations. The scanning electron micrographs of the
structure of the diamond crystals attest that good quality crystals are observed up to
methane concentrations of 15% by periodicaly interrupting the synthesis process with a
surface oxidation step. Growth rates close to I gm/hour have been achieved for process
gas pressures of 30 Torr. For steady state conditions, the requirement to utilize low
methane concentrations to achieve good quality diamond, limits growth rates to values
under 0.2 ilm/hour at a pressure of 30 Tort (3). Higher pressures can lead to enhanced
growth rates but at the expense of deposition area. Alternating chemistry processing
permits enhanced growth rates at low pressures and hence on large area substrates.

Discussion

It has been shown that the stability of the diamond phase of carbon can be
considerably enhanced by the use of alternating chemistry processing. Whereas, with
steady state synthesis of diamond, the requirement to maintain a supersaturation of
hydrogen in the process gas ambient effectively limits the concentration of hydrocarbon
that can be utilized, thus severely limiting growth rates, the periodic activation of the
growing diamond surface with oxygen permits the use of considerably higher
concentrations of methane in hydrogen during the diamond synthesis step of the process.
Good quality diamond crystal and films have been synthesized at up to 15 % methane in
hydrogen by this process. One explanation for the observations is that during the
diamond synthesis step of the process the high methane concentration results in the co-
deposition of non-diamond phases and diamond. In the subsequent oxidation step, the
non-diamond phases are preferentially removed, leaving behind diamond. However if
such a mechanism were operational the net growth rate of diamond is not expected to go
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up significantly as the methane concentration Is increased. At the higher methane
concentrations, the predominant phase of the solid deposited should be non-diamond in
nature and thus be removed in the subsequent oxidation step, effectively removing most
of the deposited solid with no attendant increase in the net growth rate. Since, up to
methane concentrations of 15 %, discussed in this paper, the net rwth rate of diamond
increases, an alternative mechanism has to be invoked to explain the observations.

It is clear that the nature of the diamond surface plays a crucial role in the
stabilization of the diamond phase of carbon. Synthesis of diamond at high methane
concentrations is made possible as a result of surface activation by oxygen.
Consequently, for stabilizing the diamond surface at low pressures, in addition to atomic
hydrogen in the ambient, the nature of the surface on which diamond synthesis occurs
appears to be very important. We suggest that oxy.en creates atomic sized steps on the
diamond surface and these steps promote the stabilization of the diamond phase when
carbon is added to the surface during the diamond synthesis cycle of the process. The
steps can provide a higher concentration of active surface sites which can be occupied by
hydrogen and subsequently replaced by carbon, with sp3 hybridization being promoted
between the surface carbon atoms and the arriving carbon atoms. Atomic sized steps on
the surface can prevent graphite formation by providing the right environment for
diamond formation at the surface, since the steps will have the dimensions of the
interatomic spacing (or multiples thereof) of diamond and thus will not readily
accommodate #raphite or other non-diamond forms of carbon. Steric hindrance effects
may be operational in suppressing non diamond formation. This can account for the
observations presented here whereby diamond synthesis is achieved at much higher
concentrations of methane than is possible with steady state processes. Figure 5 is a
schematic illustration of this mechanism.

The finding that the (100) faces of diamond crystals are observed to be of high
quality, presenting a smooth well formed surface up to methane concentrations of 20 %
in hy mgen, when the surface is periodically activated by oxygen further supports the
contention that surface steps, or ledges stabilize the diamond phase. Surface steps are
most easily formed on 1100) faces and the sideways propagation of these steps can occur
to propagate the crystal. It has been shown that at high synthesis temperatures, and in the
presence of oxidizing species in the process ambient, (100) faces of diamond crystals
predominate (4). This finding is similar to the observation presented here whereby the
quality.of the (100) faces of diamond crystals is maintained at a high level with
increasing methane concentrations while the (111) faces get contaminated by the
overgrowth of diamond like carbon phases. These results cast a new light on the
mechanism of low pressure diamond synthesis.
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Figure 3. Growth rate as a function of methane concentartion for diamond synthesized by
altenating chemistry processing. Electron micrographs of diamond crystals show that
high quality, well facetted diamond can be achieved up to methane concentrations of 15%
in hydrogen by the use of alternating chemistry synthesis.
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Figure 4. Scanning electron micrograph of a cluster of diamond crystals synthesized by
the cyclic alternation of 20% methane in hydrogen and 0.5 % oxygen in hydrogen. The
(100) faces of the crystals are shooth and well formed whereas the (111) and other
more close packed planes are covered with a diamond like carbon layer.
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Figure 5. Schematic illustation of the stabilization of the diamond phase of carbon at low
pressures by the surface structure of diamond.

38



Synthesis of Diamond Pilms with Pulsed Plasma

M. Aklufi and D. Brock
Naval Ocean Systems Center, San Diego, CA 92152

Diamond films were grown in plasmas formed with microwaves that
were modulated with a pulse generator. Films obtained with the use
of pulse periods in the nanosecond, microsecond, and millisecond
ranges were compared to baseline films which were obtained with a
CW plasma. The deposited films were examined with SEM, XRD and
Micro-Raman spectroscopy. For the experimental conditions used, the
diamond films' growth rates and quality improved with increasing
pulse duration while maintaining a duty cycle at nearly 50 percent,
and reached a maximum with CW generated films. This was
attributed primarily to an increasing degree of supersaturation of
atomic hydrogen at the growth surface with increasing pulse time.

I. INTRODUCTION

The metastable growth of diamond films has been achieved by a number
of continuous plasma-enhanced chemical vapor deposition (CVD) methods [14].
Of these, none have gained more attention than the CW microwave plasma-
enhanced chemical vapor deposition technique (4]. In this technique the amount
of microwave power used is typically limited by the extent of substrate heating
induced by plasma and microwave heating. Concomitantly, this restriction in the
amount of microwave power that can be used also reduces the amount of
reactants that can be dissociated which may adversely effect the film's growth
rate as well as quality.

The use of pulsed radio-frequency discharges of very high power to deposit
thin films has recently been reported by Scarsbrook et al. [5]. They found that
short pulses at high power resulted in increased reactant dissociation rates while
simultaneously reducing substate heating. This resulted in higher deposition rates
at lower temperatures than previously obtained by steady state conditions. In
this paper we investigate the use of microwave induced pulsed plasmas in the
CVD growth of diamond films.

II. EXPERIMENTAL PROCEDURE

A microwave plasma-elhlanced CVD system with a dielectric waveguide
was used in the deposition of the diamond films. A schematic of the system used
is shown in Figure 1. The use of dielectric waveguides to form plasmas has been
described previously [6]. The microwave supply was modified by the addition of
a Phillips PM5715 pulse generator for pulse operation, and the maximum powoi
output was increased by an order of magnitude to 2.5KW at 7.36 +/- 0.050 GKI
from that previously reported, with the use of an Energy Systems 2.SKW, Low
X-Band Amplifier.
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Deposition was performed on (100) silicon n-type substrates. To aid in
the nucleation and reduce the time necessary to nucleate the diamond film, the
substrates were seeded by abrading them with diamond crystals that were up to
2 micrometers in size. The dielectric waveguide, located within the inner
chamber, is maintained at atmospheric pressure. The silicon substrates were
placed horizontally on sapphire tiles that rested on the inner chamber just above
the output end of the dielectric waveguide. In addition Grafoil, a graphite sheet
product of EGC Corporation, was placed about the substrate. These procedures
were used to suppress unwanted plasma reactions and minimize any potential
contamination of the diamond film

After the deposition tube was evacuated to less than 100 millitorr, argon
was introduced into the reaction chamber and the plasma initiated when the
pressure was about 5 torr. Oxygen, and then hydrogen were introduced into the
reaction chamber. The deposition pressure was first set by using a throttle valve,
and then adjusted with a vernier controlled metering valve. The plasma's
intensity was greatest at the surface of the substrate and decreased with distance
from the surface. Depositions were performed with and without the use of
external heating. When a furnace was not used the substrate was heated only by
the plasma and microwave heating. Substrate temperatures were measured with
a Chapin Tec, Model ROS-SU two color optic pyrometer. The temperature
deposition range was between 800 and 1050 C with an average substrate
temperature of 9250C.

The gas flow rates during deposition were 100 cc/min hydrogen, 0.5
cc/mn methane, and 0.5 cc/min oxygen. In addition argon, which acted as a
diluent, was added to the gas flow in the amounts of 100 cc/min for CW and 50
cc/min for pulsed-plasmas depositions respectively. The pulse generator was run
in the nanosecond. microsecond, and millisecond ranges. The Energy Systems
klystron amplifier was set to obtain the system's peak power for all pulsed-plasma
depositions. Duty cycles were adjusted to about 50 percent, to obtain an average
forward power that was similar to the power used in CW baseline depositions. An
effort was made to maintain the substrate at a deposition temperature similar to
that of the CW baseline. Deposition times were between 7 and 8 hours.

II. RESULTS

Some remarks are in order concerning the pulsing of microwaves and the
resulting plasmas. Plasmas formed with pulse repetition rates in the nanosecond
range were continuous. Plasmas formed in the microsecond and millisecond
ranges were pulsed. In addition, the the rise and fall time of the microwave
system was approximately 40 nanoseconds, primarily due to the narrow
bandwidth of the klystron amplifier. As a result, in nanosecond pulsed
experiments the peak microwave power was not reached during the pulse on-time
nor was the microwave power completely turned off during the pulse off-time.

In the nanosecond range, with a pulse duration and repetition time of 54
and 100 nanoseconds respectively, the deposited film was not continuous. An
E11\ micrograph of the discrete crystallites, with poorly defined faceting, is
shown in Figure 2a. With the pulse duration and repetition time increased to 5
and 10 microseconds respectively, the deposited film exhibited mostly (Uw)
faceting as can be seen in Figure 2b. Facets, primarily the (111), were reasonably
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formed and typically submicrometer in size. However, some of the (100) facets
were found to be 2.5 micrometers in length. The average deposition rate was 0.4
micrometers per hour. In the millisecond pulsed-plasma range, with a 5.6
millisecond pulse duration and a 10 millisecond repetition time, the film exhibited
well defined (111) and (100) facets. An SEM micrograph is shown in Figure 2c.
The largest (100) facet faces measured 5 micrometers in length. The average
deposition rate was 0.8 micrometers per hour. For comparison purposes a film
was deposited using a continuous plasma. The power used was equal to half of
the peak power used in the pulsed mode. The SEM micrograph of this film is
shown in Figure 2d. As can be seen very well defined (100) and (111) facets are
present. The lax zest (100) facets faces measured 12 micrometers in length. The
average depositioi: rate was 1.5 micrometers per hour.

If we assume that diamond seeding reduces or eliminates the incubation
period the average growth rate may be determined from the thickness of the film
and the time of deposition. In Table 1, the thickness and growth rate of the
deposited films is shown as a function of the pulse period. For the method chosen
to calculate the growth rate, i.e., based on film thickness, no growth rate could be
assigned to the non-continuous film grown with a plasma generated with
nanosecond pulsed microwaves. As can be seen, the thickness of the deposited
films by the pulsed-plasma technique increased with the pulse period and reached
a maximum with CW plasmas.

Table 1. Thickness and growth rates of pulsed and CW plasma deposited films.

FILM FILM

MICROWAVE THICKNESS GROWTH
POWER (,m) RATE

(lgm/hr)

Tisec PULSED NON-CONTINUOUS -

gsec PULSED 2.5 0.4

msec PULSED 6.0 0.8

CW 10.2 1.5

A Rigaku Rotaflex RU 200B X-ray diffractometer was used to determine
the structure and nature of the deposits. X-ray diffraction patterns of the
continuous deposited films obtained with plasmas formed with microsecond and
millisecond pulsed, and CW microwaves are shown in Figure 3. Stick figures of
the standard powder pattern of natural cubic diamond are also shown. These
define the location and relative intensity of the most prominent cubic diamond
crystallographic planes, i.e., (111), (220), (311), (400), and (331) within the
diffraction angle of 2 theta that lie between 0 and 140 degrees. The sharp peaks
not located at the stick figures are that of the crystalline (100) oriented silicon
substrate. Of particular interest is the deviation between the standard powder
pattern stick figures relative intensity ratios and that of the intensity rations of
the deposited diamond films. These differences indicated that the deposited
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diamond film crystal orientation is non-random and exhibits a preferred texture.

The Raman spectra of continuous films deposited with plasmas formed
with microsecond and millisecnd pulsed, and CW microwaves were generated by
Instruments SA on their Ranan Microprobe S3000 spectrophotometer and are
shown in Figure 4. Excitation was provided with the 514.5 nm line of an argon
ion laser. The film grown with the microsecond pulsed plasma exhibits a very
broad non-diamond peak about 1600 cm-1 abcve a luminescent bafkground. The
msec pulse film shows a broad diamond peak about 1332.4 cm" and a broad
non-diamond peak about 1500 cm-1. By comparison, the Raman spectrum of the
baseline CW plasma film exhibited a sharl, diamond peak with a FWHM of 5.5
at 1333.5 cm-1 with no other carbon peaks or fluorescent background present.
Sharma et al. [7] found that differences in diamond Raman peak location could be
attributed to strain in the diamond.

The pulsed plasma average power levels were nearly equal to those used in
the baseline CW plasma, however, the use of pulsed plasmas with long pulse off-
times can result in reduced heating of the substrate. Although this study did not
specifically address the optimization of temperature, to determine if a
temperature effect did exist with pulsed-plasma depositions, the substrates were
heated to 600 C before the plasma was ignited. A less than ten percent
improvement in film thickness for the microsecond pulsed-plasma case indicuted
some substrate cooling had occurred. In this case the deposition temperature
could have been optimized for maximum growth, but it was not the primary
cause for the lower growth rate.

IV. DISCUSSION

Our present understanding of the chemical vapor deposition of metastable
phases, such as diamond, is that large deviations from thermodynamic
equilibrium exist within the growth environment, and that the metastable phase
is kinetically favored has been discussed [8]. The general chemistry of microwave
plasma enhanced chemical vapor deposition of diamond with H CHA, and 0 as
reacting gases is that H, CH , C2H, and OH, have been found'to be'the prid1ary
species generated by the plama. At low CH and 0 concentrations the major
exiting gas species of include H ,CH4, CH ,]4H 0, ad CO [9]. In low pressure
diamond growth, the methyl rgdical an daetyine have been identified as the
major carbonic growth species. Using isotopic labeling experiments, Chu et al.
[10] found that the methyl radical is the primary growth species. Accordingly, in
the discussion only methyl radicals are considered, however similar arguments
might be made for acetylene radicals. Martin and Hill [11], have reported that
methyl radicals and atomic hydrogen have lifetimes in microseconds and seconds
respectively. As previously indicated, the gas flows were maintained at constant
flow rates during the deposition, and the microwaves were pulsed with
approximately 50 percent duty cycles. Based on this understanding and upon the
results of this experiment it is proposed that the extent of dissociation of the
reactant gases determined the amount and nature of the deposit.

Diamond deposition with plasmas formed with nanosecond pulsed
microwaves had the poorest quality. As previously indicated the forward power
rise times were on the same order as the pulse duration. During this period, the
microwave power did not reach its maximum value limiting the dissociation of
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the incoming reactant gases. Scarnbrook et al. [51 reported that the dissociation of
molecular nitrogen into atomic nitrogen did not reach its maximum concentration
until 150 microseconds into the pulse, and indicated that reactant dissociation
time, within a plasma, may be dependent on its bond strength. Accordingly, the
time it takes to dissociate molecular hydrogen into atomic hydrogen and reach its
maximum concentration at the given microwave power, may be on the order of
75 microseconds. For nanosecond pulse periods a low concentration of active
species may not provide any significant diamond growth.

In the microsecond pulsed case, the increase of pulse duration to
microseconds far exceeded the 40 nanosecond rise time of the microwave system.
As a result, sufficient time was available for the microwave forward power to
reach its maximum value during the pulse on-time. This allowed for an increase
in reactant dissociation greater than could be achieved in the nanosecond case.
For the 5 microsecond pulse, the reactant gases could still not reach their
maximum concentration if dissociation times are in tens of microseconds.
Further, the microsecond pulse off-times are sufficiently long to allow the short
lived methyl radicals, formed from the dissociation of methane, to recombine with
atomic hydrogen. Methyl radicals must now be generated by hydrogen
abstraction of methane with atomic hydrogen. This consumption reduces the
number of atomic hydrogen formed [121. However, the the net increase of active
species results in an improvement over the nanosecond case.

In the millisecond case, rise time and dissociation time are small compared
to the pulse on-time, and the reactants reach their maximum concentration for
the given peak power. This maximum concentration of atomic hydrogen coupled
with the concomitant increase of atomic hydrogen generated methyl radicals
results in an increased growth rate for the film. In the millisecond case, because
the generation rate of atomic hydrogen is significantly larger for millisecond than
for either nano- or microsecond pulse periods, the amount of atomic hydrogen
remaining after recombination is still higher than the other previous pulsed cases.
However, the degree of atomic hydrogen supersaturation is dramatically impacted
by its recombination during the .pulse off-time. As a result, the quality of the
film, as represented by the ratio of sp3 to sp2 carbon bonds, only moderately
improves.

Baseline films obtained with CW formed plasmas had growth rates and
film quality that exceeded any obtained from pulsed-plasmas. The extent of
dissociation of the reacting gases was dependent upon the microwave forward
power and the resultant plasma density, the time of dissociation, and the
recombination rates.

The plasma density is a function of the microwave forward power.
Although the average power was approximately the same for both the CW and
pulsed cases their peak power was not. Pulsed plasmas were operated at near 50
percent duty cycles and their peak power at 2.5 KW was double of that of the
CW case. Due to the rise time, only the microsecond and millisecond pulses
reached peak power during the pulse period. As a result the plasma density for
pulsed cases would be higher than CW cases. However, the plasma density would
not have doubled, since the plasma density increases more slowly than the
applied forward microwave power.

The time for dissociation impacted the nanosecond and microsecond
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pulsed cases, but was not a factor for either the millisecond pulsed or CW cues.
Methyl radical recombination was a factor only for microsecond and millisecond
pulsed cases. Atomic hydrogen recombination becomes significant only in the
millisecond case. In this case, with the increased pulse off-time proportionately
more atomic hydrogen recombines, and more significantly atomic hydrogen is not
being generated. From the data reported by Martin and Hill (111, it is estimated
that for the 5 millisecond off-time there is an 80 percent recombination of atomic
hydrogen into molecular hydrogen. For the experimental conditions used, CW
plasmas produced a higher rate of reactant gas dissociation than any of the
pulsed cases. As a result the growth rate and quality of CW films were higher
than pulsed-plasma films.

As seen in Figure 2, the crystal facets increase in size and appearance as
the pulse on-time increases. Crystal faceting can also be considered a measure of
film quality. Harker and DeNatale [131, noted that an increase in the oxygen
content of the reacting gases resulted in improvements in reactive etching rates,
which increased the diamond crystallite size. The possibility of depositing
diamond layers with pulse on-times and non-diamond carbon during puke off-
times was considered. However, with subsecond pulse cycles and deposition rates
at less than an angstrom per second, atomic layering could not be possible. As a
result, it was concluded that diamond and non-diamond carbon are deposited
simultaneously.

Because of the fixed composition of the incoming reactant gases,
improvements in growth rates could in part be attributed to an increase in
dissociation of the carbon precursor methane. However, due to the short lifetime
of methyl radicals, the mechanism of hydrogen abstraction is needed to generate
these radicals. Although oxygen has been shown to improve both the deposition
rate as well as the quality of the film, it requires the presence of atomic
hydrogen. Of the roles ascribed to oxygen by Spear and Frenklach [14], only that
of promoting the gas phase production of hydrogen would apply to improving the
growth rate of diamond films. It was first reported by Spitsyn et al. (151 that
atomic hydrogen directly contributes to both the quality as well as the growth
rate by stabilizing the diamond surface, preferentially etching sp and sp2 bonded
carbon from the growing surface, and activating the growth surface by hydrogen
abstraction. The improvement in diamond film growth for increasing puke
periods which reached a maximum for CW grown films, would support the idea
that these improvements were attributed primarily to increases of atomic
hydrogen. For a given ratio of hydrogen and methane, once the supersaturated
level of hydrogen is reached, diamond is deposited. Once diamond growth is
achieved, increasing the atomic hydrogen by only a small factor will significantly
improve the growth rate and quality. This is in qualitative agreement, for the
low pressure regime portion of the theory proposed by Vandenbuicke et al. [161,
which concerns the effects of atomic hydrogen supersaturation on the growth of
diamond.

V. SUMMA.Y AND CONCLUSIONS

Diamond films were grown in plasmas formed with microwaves that were
modulated with a pulse generator. Films obtained with the use of cycle times in
nanosecond, microsecond, and millisecond ranges with 50 percent pulse on-times
were compared to baseline films which were obtained with a CW plasma. For the
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experimental conditions used, the diamond films' growth rates and quality
improved with increasing pulse duration, and reached a maximum with CW
generated films. This was attribated primarily to an increasing degree of
supersaturation of atomic hydrogen at the growth surface with increasing pulse
duration.
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(a) (b)

(c (d)
Figure 2. SEM microphotographs of deposited diamond films. (a) nanosecondpulsed-plasma; (b) microsecond-pulsed plasma; (c) millisecond pulsed-plasma; and
(d) CW plasma baseline.
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Abstract

A computer controlled gas manifold has been
used to cycle between oxygen-rich and acetylene-
rich combustion flames during diamond deposition in
order to achieve higher growth rates without
sacrificing diamond quality. The experimental
parameters studied include the frequency of cycling
between flames and the carbon-to-oxygen (C/O) ratio
of the acetylene-rich flame. The acetylene-rich
flame used during the deposition part of the cycle
has a C/O ratio higher than that used to deposit
high quality diamond films with low defect
densities. The oxygen-rich flame etches the non-
diamond components that are deposited
simultaneously with diamond components when using a
high C/O ratio. Results show that according to
infrared transmittance and Raman Spectroscopy,
using a cycling time of less than one minute will
result in the deposition of high quality, defect-
free diamond films under the experimental
conditions for this work. This maximum acceptable
cycling time must be decreased for depositing
conditions that lead to higher diamond growth
rates. These films exhibit intense Raman peaks at
1332 cm"1 with no detectable non-diamond peaks and
no significant one-phonon band absorption in
infrared transmittance measurements.

1. INTRODUCTION

The already exciting CVD technologies for the
deposition of diamond films on large area substrates at low
pressure and low temperature are further promoted by the
capabilities of either growing diamond films at high rates
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(1) or depositing diamxond films of excellent quality (2,3).
Unfortunately, it is roughly the rule-of-thumb that a
trade-off exists between depositing high quality diamond
films and depositing diamond films at high rates.
Therefore, it is highly desirable to develop a technology
beyond the conventional continuous diamond growth processes
for achieving defect-free diamond films at high growth
rates. This is especially urgent for applications, i.e.
free-standing long wavelength infrared (LWIR) windows, that
require thick diamond films with minimum defect densities.

2. EXPERIMENTAL

A diagram of the oxy-acetylene torch setup showing two
modes of operation is shown in Figure 1. A computer
controls a 3-way solenoid valve that is used to either add
extra oxygen to the combustion flame thus creating an
oxygen-rich "etching" flame or to vent the extra oxygen to
air thus increasing the C/O ratio of the com, istion gas
supplied to the flame. A manual valve is placed at the vent
opening of the solenoid valve and is adjusted so that no
change in pressure occurs downstream the mass flow
controller during the cycling operation. The acetylene flow
rate remains fixed during the cycling. The remainder of the
torch setup has been described previously (4-7).

To achieve a reproducible high quality diamond film by
the oxy-acetylene flame method, the acetylene/oxygen flow
ratio must be controlled very accurately. This is further
complicated by the fact that acetone present in the
acetylene cylinder influences the oxy-acetylene flame to a
varied extent depending on the ambient temperature and the
acetylene pressure in the cylinder, i.e. the fraction of
acetone included in the acetylene flow varies from
experiment to experiment. Although activated charcoal is
used in our experlmental setup, a slight change in the
flame is still present from run to run, presumably due to
a small temperature induced drift in the electronics of the
mass flow controllers and the residual acetone incorporated
into the oxy-acetylene flame. In order to compare several
experimental runs, we chose to keep the length of the
acetylene feather constant for each deposition by slightly
adjusting the electronic mass flow controller set-points.

Diamond films deposited on molybdenum become free-
standing after cooling down from the deposition temperature
due to the thermal expansion mismatch between diamond and
molybdenum. These free-standing diamond films are
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characterized by means of Raman spectroscopy, Fourier
Transform Infra-red (FTIR) absorption measurements,
photoluminescence measurements, and scanning electron
microscopy. In this paper, we report a sequential
deposition and etching process that uses an
acetylene/oxygen ratio during the deposition cycle that is
higher than what is normally required for achieving high
quality diamond films by the conventional continuous
deposition method (3). The effects of the cycling frequency
on the LWIR absorption spectra and its correlation with the
corresponding Raman spectra are discussed.

3. RESULTS AND DISCUSSION

The Raman spectra for diamond films deposited under
different cycling conditions are shown in Figure 2. Curve
(e) in Figure 2 is for the diamond film deposited
continuously without cycling between deposition and
etching. A broad luminescent background can be seen in this
spectrum along with the diamond Raman peak at 1332 cm*'. The
infrared absorption spectrum for this continuously
deposited diamond film is shown in Figure 3 (curve #4*).
The one-phonon absorption coefficient for this sample is
around 10 cm"I and the maximum "C-H Stretch" absorption peak
is around .0 cm" . These are referenced to the absorption
coefficient of 12.3 cm"i present at the 5 Am wavelength in
the two-phonon band which is intrinsic to all diamond and
relatively insensitive to defects and impurities in the
diamond (8). The infrared absorption coefficients for this
sample are too high for LWIR applications that require
thick diamond films and high LWIR transmittance.

A sequential deposition and etching process that does
repetitive 40 second deposition and 10 second etching is
used to deposit diamond films. The corresponding Raman and
FTIR spectra for this film are shown in Figure 2 (curve d)
and Figure 3 (curve #4), respectively. The dramatic
improvement in the optical quality of the diamond film is
clearly seen from the sharp diamond Raman peak at 1332 cm

1

without any detectable background signals caused by non-
diamond in the film. This improvement is further evidenced
by the infrared absorption spectrum showing nondetectable
one-phonon absorption in the 8 Am to 12 Am wavelength
range. The only extrinsic infrared absorption band detected
in this sample is the relatively small "C-H Stretch"
absorption that is caused by hydrogen contamination in the
diamond film. The nondetectable one-phonon absorption makes
this diamond film especially useful for LWIR applications
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that require very high transmittance in the 7-12 Am range.

The sequential deposition and etching process must be
performed at a sufficiently fast cycling time. If the
cycling time is too long, the non-diamonds deposited on the
film may accumulate to an extent that they can no longer be
removed by the subsequent etching cycle. The quality of the
diamond film degrades as the cycling period increases from
40 seconds deposition and 10 seconds etching for the
experimental conditions used in this work. This is shown in
the increasingly degrading Raman spectra shown in Figure 2
(curves c, b, and a) and the cbrresponding infrared
absorption spectra shown in Figure 3 (curves #3, #2, and
#1), respectively. The non-diamonds buried in the fast
growing diamond films are obviously responsible for the
degradation of the diamond film quality as the cycling time
increases. For diamond deposition conditions that lead to
higher growth rates than the present work, an even siorter
cycling time will be needed to remove the non-diamond
components before they are buried beneath the film's
surface.

4. CONCLUSION

A sequential deposition and etching process using the
oxy-acetylene flame method is reported. This dynamic
deposition process can either improve or deteriorate the
quality of the diamond films depending on the experimental
conditions, especially the cycling tire. It has been
clearly demonstrated that by cycling the deposition and
etching periods at an optimal rate, high quality diamond
films with few defects as judged by the nondetectable one-
phonon absorption in the infrared absorption spectra and
the nondetectable non-diamond background signals in the
Raman spectrum. This sequential deposition process is
therefore promising for further accelerating the production
of high quality diamond films for applications that require
the best possible diamond films.
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during sequential deposition and etching processes.

54



Intensity
(arb. units) M

(a)
Deposit:Etch Cycle
8 min: 2 min

( 

)

Deposit: Etch Cycle
4 mini: 1 miin

(c)
Deposit:Etch 

Cycle

2 min: 30 sec

(cd)

Deposit:Etch 
Cycle

40 sec: 10 sec

(e)
Deposit Only

1200 cm-
1  

1600

Figure 2. Raman spectra of oxy-acetylene torch deposited diamond
films grown by sequential deposition and etching
processes. Spectra (a) through (d) were taken from
samples grown using four different cycling times.
Spectra (e) was taken from a sample that did not use
cycling, but used only the deposit flame to grow the
film. Spectra (d) shows the optimal cycling time of
40 seconds deposition and 10 seconds etching for this
set of experiments according to Raman Spectroscopy.
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Figure 3. Infrared absorption spectra of diamond films from
which Raman measurements in Figure 2 were taken.

Spectra #I was taken from a sample grown by cycling
between 8 minutes deposition and 2 minutes etching.
Spectra #2 is from a 4 minutes deposition and I
minute etching sample. Spectra #3 used 2 minutes
deposition and 30 seconds etching. Spectra #4 used
40 seconds deposition and 10 seconds etching. Spectra
#4* involved no cycling and only the deposit flame
was used to grow the diamond film. Again, spectra #4
(40 seconds deposition/ 10 seconds etching) shows

the optimal cycling time for this set of experiments

according to infrared absorption measurements.
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ABSTRACT

Diamond films were deposited on molybdenum
substrates in a radio-frequency plasma reac-
tor operating at atmospheric pressure.
Continuous 10-gm-thick polycrystalline films
were produced in one-hour runs. Cases with a
1% methane-hydrogen ratio consistently pro-
duced well-faceted crystallites, while cases
with a 5% ratio produced cauliflower-type
structures. In either case, crystallite size
and morphology tended to be uniform over the
deposition area.

INTRODUCTION

Inductively-coupled radio-frequency (rf) thermal plasmas
offer several potential advantages for diamond film deposi-
tion. As with direct-current (dc) plasmas the deposition
rates are high. However there are several important differ-
ences between dc and rf plasmas which affect diamond deposi-
tion.

A dc jet typically has higher peak temperatures (-20,000
K) and higher peak velocities (several hundred m/s) than an
rf plasma, resulting in thinner substrate boundary layers.
While the rf plasma is still hot enough (-10,000 K) to pro-
mote complete hydrogen dissociation, the radicals responsi-
ble for diamond growth must diffuse across the cold boundary
layer. It is thus perhaps not surprising that higher linear
growth rates have been reported with dc jets. On the other
hand, because a dc jet concentrates its erergy into a rela-
tively narrow region along the flow axis, it has extremely
steep radi.l temperature gradients, whereas an induction
plasma has a larger, more uniform volume, and is therefore
more conducive to coating a large area uniformly, Matsumoto
(1) compared his results obtained with dc and rf thermal
plasmas, depositing diamond on 20-mm diameter molybdenum
substrates. For comparable cases (both at atmospheric pres-
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sure, and with similar flow rates of hydrogen and methane),
the linear deposition rates were 4 pm/min with the dc jet
and 2 gm/min with the rf plasma, while the diameter of the
deposited film was 6-7 mm for the dc jet and 20 mm for the
rf case. A simple calculation then shows that the volumet-
ric deposition rate was approximately five times greater for
the rf plasma (-40 mm3/h) compared to the dc jet (_8 mm3/h),
indicating a higher carbon conversion efficiency for the rf
plasma. In reporting their experiments with dc jet diamond
deposition, the SRI group (2) emphasized the highly nonuni-
form nature of the film, which they attributed to severe ra-
dial gradients in the plasma.

Another difference between dc and rf thermal plasmas
concerns film contamination. Electrode erosion is
inevitable with dc plasmas, and this may pose a serious lim-
itation for certain diamond applications, particularly for
electronic devices. In contrast rf thermal plasmas are in-
ductively coupled. There are no electrodes, hence they are
inherently cleaner than dc plasmas. Matsumoto (1) reported
that his dc jet-deposited film was contaminated with tung-
sten and copper, whereas little contamination was found in
the films produced with his rf reactor. The SRI group found
substantial concentrations of impurities in their dc jet-
deposited film, including stainless steel constituents and
refractory metals attributable to the electrodes.

Thus, while rf thermal plasmas may produce less spectac-
ular linear growth rates than dc plasmas, they are at least
competitive regarding carbon conversion efficiency, are more
promising regarding film uniformity, and have a definite ad-
vantage with respect to film purity. However to our knowl-
edge the only group other than Matsumoto's (3) to have re-
ported diamond deposition using an rf thermal plasma is the
group at Stanford (4, 5). Both groups deposited on molybde-
num substrates, Matsumoto's group used a stagnation-point
flow geometry, and reported the effect of varying the
methane flow rate between 0.1 and 1.2 slpm, with a hydrogen
flow rate of 12 slpm. The Stanford group compared results
with the substrate oriented either for stagnation-point flow
or for flat plate parallel flow, but otherwise did not re-
port any variation of operating parameters.

As a first step toward characterizing the parameter
space for diamond film deposition in an rf thermal plasma,
we conducted a series of experiments involving eight sets of
conditions with variation of five operating parameters.
This series of experiments was not sufficient to establish
clear correlations between film properties and parameter
values. However the results provide guidance for the design
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of further experiments, which together with appropriate di-
agnostics and numerical modeling could elucidate the mecha-
nisms for diamond film CVD in a thermal induction plasma.

EXPERIMENTAL CONDITIONS

In these experiments the plasma reacto- was driven by a
nominally 20-kW rf generator, supplying current at a mea-
sured frequency of 2.93 MHz to a five-turn induction coil.
The generator controls were adjusted in each case to provide
the same rms coil current, 82 A. Generator plate power was
typically 12-14 kW. We have performed numerical simulations
(6) which indicate that the actual power coupled to the
plasma was 5-6 kW.

The reactor is shown schematically in Figure 1. The
plasma tube consisted of water-cooled quartz, with an inner
diameter of 46 mm. Argon at 40 slpm was inti .duced at the
top of the tube through a swirl injection ring. Hydrogen (8
slpm) and methane (0.08-0.40 slpm) were introduced coaxially
through a water-cooled injection tube with a 1.8-mm inner
diameter, inserted directly into the plasma. An important
consequence of this injection method is that the reactants
emerge into the plasma in the form of a high-velocity jet.
Our numerical calculations (6) indicate that the peak jet
velocity was -130 m/s, compared to the background argon ve-
locity of -10 m/s. The hydrogen/methane jet impinged in
stagnation-point flow upon the substrate.

Substrates consisted of 25-mm-diameter molybdenum disks,
which were fastened to a stainless steel insert of variable
thickness, hereafter referred to as the "thermal insert."
The thermal insert in turn was mounted on a water-cooled
copper cylinder. By varying the thermal insert thickness
the substrate surface temperature could be varied indepen-
dently of the distance of the substrate from the last induc-
tion coil. The temperature of the top surface was measured
with a two-color pyrometer (Ircon Modline Series R) .
Surface temperatures for cases in which diamond was produced
were in the range 1090-1250 K, with an average repeatability
of ±15 K for given sets of operating conditions.

An initial eight-run sequence of experiments was planned
according to a factorial design (7). The following five pa-
rameters were varied: distance z of the substrate below the
last induction coil (either 2 cm or 6 cm); distance y of the
hydrogen-methane injection tube above the last induction
coil (either 2.5 cm or 4.5 cm); methane/hydrogen ratio
(either 1% or 5%); thickness d of the thermal insert (either
6 mm or 10 mm); and whether or not the substrate was pre-
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treated with an application of pump oil, which has been re-
ported to increase nucleation density (8). For this set of
experiments all substrates were pretreated by scratching
with 1/4-gm diamond paste, and the run duration for each
test was one hour. Each experiment was repeated on a sepa-
rate occasion to test for reproducibility. Samples were ex-
amined with scanning electron microscopy (SEM), x-ray
diffraction and Raman spectroscopy.

RESULTS AND DISCUSSION

One outcome of the experiments was the observation that
reproducibility was good. In particular, given parameter
combinations reproducibly resulted in the formation of ei-
ther well-faceted crystals or "cauliflower" structures, and
the size and density of these were surprisingly reproducible
considering that the surface condition prior to deposition
inevitably varied from sample to sample. With one excep-
tion, however, these experiments did not establish correla-
tions for the parameters tested. We do not believe that
this indicates that these parameters are unimportant, only
that eight runs are not in general adequate to establish
correlations for a five-dimensional parameter space.

The exception was the methane/hydrogen ratio, which was
observed to determine whether the crystallite morphology was
well-faceted or of the cauliflower type, Regardless of the
values of the other four parameters, every case with a 1%
ratio resulted in faceted crystallites, while every case
with a 5% ratio produced cauliflower-shaped structures.
Similar results for the effect of C:H ratio on film morphol-
ogy were reported by Matsumoto in his rf thermal plasma ex-
periments (3), and have also been reported for diamond CVD
using other methods, including microwave discharge (9), com-
bustion flame (10), and hot filament (11),

An example of the results from the 1% case is shown in
Figure 4. (SEM micrographs are grouped together on the last
page of this paper.) The predominance of octahedral and
cubo-octahedral structures, with many (111) faces showing,
was quite typical, although in some cases we instead ob-
tained films terminating almost entirely in (100) faces.
Micro-Raman spectra obtained from these films produced sharp
peaks close to the 1332 cm-1 peak of natural diamond. A
typical result is shown in Figure 2, which was obtained from
the film shown in Figure 4,

Figure 5 shows a typical result obtained with a 5%
methane/hydrogen ratio. These structures are seen to be
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characterized by a high density of layered crystallites ter-
minating in small (100) facets. The corresponding Raman
spectrum, seen in Figure 3, still shows the peak associated
with diamond, but it is broader than in the well-faceted
cases, and the broad band at higher wavenumbers inL;cates
the presence of non-diamond carbon.

For one-hour runs in which continuous polycrystalline
films were obtained, the thickness was typically -10 gLm, as
in Figure 6. This linear growth rate is lower than that re-
ported by Matsumoto's group. However it should be noted
that their reported film thickness of 6-12 gm (3), for a
case cited as producing l-;Lm/min growth, implies a deposi-
tion time of -10 minutes, suggesting a high initial nucle-
ation density, perhaps attributable to superior substrate
surface conditions. It is not clear whether their initially
high growth rates were (or would be) maintained for contin-
ued growth of thicker films.

The Stanford group reported linear growth rates of 1-10
gm/h, however in general they did not obtain continuous
films. We speculate that the reason we obtained denser
films, with higher growth rates, is that the deposition sur-
face in the experiments reported herein was richer in atomic
hydrogen than in the Stanford experiments. There are two
reasons for this. First, while the hydrogen flow rates are
fairly similar--8 slpm in these experiments, -12 slpm in the
Stanford case--the argon flow rates are rather different--40
slpm in these experiments, -110 slpm in the Stanford case--
so that the ratio of hydrogen to argon atoms was at least
twice as high in these experiments. Perhaps more signifi-
cantly, as noted in the preceding section, in our reactor
hydrogen and methane are coaxially injected as a high-
velocity jet which emerges directly into the plasma core,
whereas in the Stanford experiments the reactants were in-
jected either with argon at the upstream end of the plasma
torch or radially into the tail flame. The Stanford group
argued that their boundary layer was thick enough to allow
time for hydrogen atoms to recombine before they diffused to
the surface (4) . For constant-property stagnation-point
flow the boundary layer thickness varies as the inverse
square root of freestream velocity (12) . Thus the coaxial
jet injection method caused our boundary layer to be -3-4
times thinner than it would have been otherwise, signifi-
cantly increasing the probability for hydrogen atoms and
other radicals to reach the surface.

We usually observed a considerable degree of uniformity
over the entire deposition area, typically -60% of the sub-
strate surface. Regardless of the crystallite morphology we
found that in most cases the morphology, cystallite size,
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and nucleation density were quite uniform over regions ex-
tending from the substrate center to near the edge.

Finally, we also found diamond films on the side sur-
faces of the molybdenum substrates, as seen in Figure 7. As
the boundary layer on the side is fundamentally different
than on the top, it is not surprising that we found a
greater variety of morphologies on the side, with less uni-
formity, than on the top of the substrates.
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Figure 4. SEM micrograph Figure 5. SEM micrograph
for a case with a 1% for a case with a 5%methane/hydrogen ratio, methane/hydrogen ratio.

Figure 6. SEM micrograph Figure 7. SEM micrograph
of a cross-section with 1% of film deposited on amethane/hydrogen ratio, substrate side (same

substrate as in Fig. 6).
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ABSTRACT

A laser plasma ablation technique has been used for the deposition of
diamondlike carbon films. Systematic studies in the temperature and
ambient dependence show a growth and ordering of the bonding
components in the films. Raman parameters indicate that the half widths of
the 'D'and 'G' bands decrease with increasing T (substrate) suggesting an
ordering of the sp2 and sp3 bonding componentsin the film. Hydrogenation
is known to promote the formation of sp3 bonds. In a hydrogen ambient the
DLC films exhibited a sharp reduction in the halfwidths and an increase in
the intensity of the D' band. Therefore there appears to be a drect
correlation with the sp3 fraction and the D' band in the Raman spectra.
This conclusion is supported by the presence of octahedral features
heterogenously nucleated in the film. TEM observations suggest growth on
the <111> facets occur by a step mechanism. Ion implantation studies
provides supporting evidence of the ordering and growth in the films as a
function of substrate temperature and ambient.

1. [.irid_ c.tin

The laser plasma ablation of graphite is a unique technique for
the deposition of DLC films [1, 2]. The high temperatures generated
in the ablation process (>6000 K ) (3] leads to excited carbon
species. These species are quenched on a relatively cooler substrate
( 300 - 1000 K ) depositing metastable structures with interesting
and controllable properties.

Raman spectroscopy plays an important role in the analysis of the
various allotropes of carbon. The origin of the 'D' and 'G' bands in
DLC films is an important issue which is still not resolved
conclusively. Yoshikawa [4] proposed that the Raman bands
originated from carbon clusters with the sp2 configuration,
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however, he also suggested that carbon clusters with sp3

configuration had an indirect influence on the bonding. Schroeder and
Nemanich [5] have also attributed the peak positions and narrow half
widths to the presence of microcrystalline graphitic domains.
Walrafen (6] investigated a variety of carbon materials. His
investigations revealed that the width of the 'D' band is a measure of
the randomness of the structures involved 1;, sp3 bonding.

We describe a series of systematic experiments using the laser
plasma ablation of graphite to elucidate the sperific nature of the
'D' and 'G' bands. The variation of spectral parameters as a function
of temperature were investigated. The growth of the sp2 and sp3

bonding components of the DLC film were also studied by ion
implantaion damage experiments.

2. Emnta

In the laser plasma ablation technique a graphite target is
ablated using a KrF laser (X = 248 nm) at a fluence of 4 J/cm2 . A 50
.iF capacitor discharge's simultaneously with the laser pulse through

a ring surrounding the grounded target [1]. The films deposited were
approximately 1 jim thick. Raman measurements were taken in the
macro and micro mode in the backscatter geometry, using the 5145
A line af an Argon ion laser. TEM micrographs were obtained by a
Hitachi S-800 instrument.

Two sets of experiments were conducted. The first set were
deposited in a vacuum ambient (1x10 "3 Torr) and at substrate
temperatures from 250 to 5000 C. The second set of experiments
were designed to simulate the environment for the CVD growth of
diamond thin films. The graphite was ablated in a hydrogen ambient
at a partial pressure of 10 mTorr and a substrate temperature of
8600 C.

The Raman spectra were deconvoluted into the 'D' and 'G' bands
using well detined Gaussian functiGns. In adddition to the
deconvolution of tne spectra by the Gaussian function, the broad
photoluminescent (PL) background was also substracted. A simple
quadratic polynomial was used to fit the background [8]. Therefore
the total deconvolution consisted of the sum of the Gaussian (D + G)
bands plus the quadratic PL background.
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3. Results and Discussion

3.1 Vacuum; T(substrate) = 250 -> 5000 C

In this series of experiments the depositions were carried out at
substrate temperatures of 250 C to 5000 C in 100 deg increments.
Representative Raman spectra for the depositions at 250 C is shown
in Fig. 1. A featureless assymetric band is observed generally
typical of disordered amorphous films. A broad PL background is
also present. PL is due to transitions of electrons from filled
conduction hand states to empty valence band states. The transition
may also be from donor bands of impurities or defects to acceptor
bands. The broader the defect bands, the broader the the range of
states that electrons can make transitions to, and hense the broader
the PL. The conduction/donor bands can be filled by the excitation
source. The Gaussian deconvoluted spectra show broad 'D' and 'G'
bands, the inten.ity of the 'G" band being much larger than that of
the 'D' band.

At a deposition temperature of 5000 C the features of the 'D' and
'G' bands are more prominant as shown in Fig. 2. The deconvoluted
spectra have narower bands, and the intensities are more or less
equal. The broad PL background has decreased substantially
suggesting the existence of a much narrower band of defect states.
While the GaUssian curve for the 'G' band shows an excellent fit on
the high energy side, the 'D' band shows a broad tail at tne base of
the peak (shaded area). A similar broE'd tail has been observed in
highly defective CVD diamond films. A possible explanation for the
tail is that the Raman signal originates from highly dsordered
regions of diamond adjacent to sp 2 bonded defect structures; while
the relatively narrow peak originates from regions furthur away
from such structures [7]. A similar explanation would be applicable
for the DLC films, the degree of disorder being much greater than for
the CVD diamond films.

3.2 Hydrogen (10 mTorr); T(si, bstrate) = 8600 C

In the second set of experiments laser plasma ablation of
graphite was conducted in a hydrogen ambient, at a substrate
temperature of 8600 C. It was shown earlier that octahedral shaped
particles were heterogenously nu.;leated [8]. The octahedral
morphology suggested the existence of sp 3 bonding in the feature.
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A TEM brightfield micrograph of one such particle is shown in Fig.
3. The triangular outline of the <111> facets are evident. The
interior of the - 5 im particle appears electron transparent
suggesting a very loosly bonded microstructure. No diffraction
pattern was obtained, implying that only local or short range order
of -15-30 A exists in the feature. The carbon atoms arriving on the
surface resemble a "brush" configuration and are perpendicular to
the <111>facets suggesting that growth of the <111> surfaces occur
by a step mech-anism. An atom arriving on the surface migrates to a
position of minimum energy.. This position would be a kink or corner
site bounded on three sides by atoms forming a step.

A typical micro Raman spectra of these features is shown in Fig.
4. The 'D' and 'G' bands are well resolved and do not need any
deconvolution. The half widths are much narrower than the previous
spectra and the intensity of the 'D' band is now much greater than
the 'G' band.

The parameters of the Raman specra for the DLC films deposited
in both sets of experiments are plotted in Figs 5, 6 and 7, as a
function of substrate temperature. Also included are data obtained
from films deposited in vacuum ambient at substrate temperatures
of 250, 1000, 3000 and 4000 C, as well as data from the planar film
deposited in H2 at 8600 C. The 'D' and 'G' bands downshift and upshift
respectively as can be observed from Fig. 5, approaching a limit of
1350 cm "1 for the '0' band and 1600 cm - 1 for the 'G' band.

The half widths of both the '0' and 'G bands decrease, as shown in
Fig. 6, with the 'G' band narrower than the 'D' band in the vacuum
deposited films. However the situation is reversed for the
hydrogenated films deposited at T(substrate)=8600 C. The 'V' band is
narrower for the planar film aod the octahedral feature. Also the
ID/IG ratio increases with increasing tempe-ature (Fig. 7).

Studies by Angus and co-workers [9] and by Zou and co-workers
[10] have shown that increasing the hvdrogen content in the DLC
films results ;n a higher percentage of sp 3 bonds. The narrowing in
the half widths of the Raman 'D' and 'G" bands suggests an ordering
of the sp 2 and sp 3 structures i the DLC film. The increase in the
intensity of the 'D' band suggests that there is a direct correlation

with the proportion and of the sp 3 bonding component. This
conclusion is more apparent by the octahedral morphology of the
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particles heterogenously nucleated on the Si <100> substrates.

3.3 Ion Implantation

To prove the reverse hypothesis, ie, if we assume the presence of
intermediate range ordering in the DLC film, then the task at hand
would be to devise an experiment to induce disorder in the film. Ion
implantation is a well known technique that damages crystalline
surface layers resulting in amorphization of the material.

A DLC film was deposited in a vacuum ambient at a substrate
temperature of 5000 C. The characteristics of the Raman spectra are
shown in Fig. 2. A dose of 3x10 16 ions/cm2 of Boron at an energy of
54 keV and an estimated range of - 2500 A [11],and was implanted
into the DLC film. it is expected that the relatively low energy
would maximize the damage to the surface layers. The implantation
was carried out at room temperature and at normal incidence. The
Raman spectra of the ion implanted film is shown in Fig. 8, and can
be compared w'th Fig. 2. The damage to the surface structure, or
disordering in the film evidently results in a broad assymetric
spectrum. This spectrum is similar to the DLC film deposited at
lower substrate temperature (see Fig. 1). Therefore we could
conclude that the DLC films dopusited at lower temperatures are
more disordered. It is of interest to note that the region of the 'D'
band is reduced to a greater extent than the 'G' band, implying the
metastability of the regions associated with sp3 bonding.

4. Conclusign

We have systematically investigated the effect of substrate
temperature and ambient conditions on the properties of DLC films
deposited by a laser plasma ablation technique. The Raman spectra
show systematic changes in the parameters of the 'D' and 'G' bands.
Increase in T (substrate) results in a downshift and upshift of the 'D'
and 'G' peak positions respectively., The half widths 'Av' of both bands
decrease steadily. In vacuum ambient the half w;dth of the 'D band
is always larger than the 'G' band. However in the hydrogenated films
the situation is reversed with the the 'D' band being narrower. The
intensity of the 'D' band also increases. It is known that the sp3

fraction of the film increases with hydrogen content. Therefure we
would conclude that there is a direct relationship with the 'D' band
with the ordering and growth of the sp3 fraction in the DLC film.
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These results are substantiated by the presence of octahedral
features in the hydrogenated films. TEM results suggest a growth of
the <111> facets by a step mechanism., Ion implantation studies
verifv the presence of intermediate range order in the films.
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Fig. I Raman spectra of DLC film at Fig. 2 Raman spectra of DLC film at
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deconvoluted 'D' and 'G' bands. ID < IG Gaussian deconvoluted 'D and 'G' bands.

and VD >AVG.Broad tail (shaded region) also seen in highly
and VD >AVG.defective CYD diamond films. ID = k3 and

AVD >AVG.
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Fig. 4 Micro Raman spectra of octahedral
feature heterogenously nucleated at
T(sub)=860' C in Hydrogen ambient. 'D'

Nand G' bands well defined. ID > '(3 and

Fig. 3 Brightfield TEM micrograph of
octahedral shaped feature.
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Abstract
We have investigated the deposition characteristics of diamond film on copper
substrate using hot filament chemical vapor deposition (HFCVD) techniqub
Deposition parameters (substrate temperature,methane to hydrogen flow ratio
and filament temperature ) were systematically varied and the effects of these
parameters on diamond nucleation, morphology,growth rate and co-deposition
beha% -)r of graphite were studied. A factor of 10 fold increase in the diamond
crystal size was observed as increasing substrate temperature from 800°C to
1050*C, with corresponding decrease in nucleation density from 5xl06 /cm2

to 0.4x10 6 /cm 2 . As the CH4/H2 ratio is increased, both crystal size and
nucleation density were f-und to increase. With increasing filament
temperature, diamond nucleation density was significantly decreased. It was
found that diamond growth rate is most sensitive to the substrate temperature.
Graphite co-deposition on the copper substrate was found to be much less than
that on silicoa substrate.

Introduction

Diamond films have been deposited using hot filament chemical vapor deposition ( HFCVD
) method on a variety of substrates such as silicon,molybdenum,tungsten,nickel,silicon
carbide and tungsten carbide( 1,2,]. All these materials form stable carbides or is already
a carbide itself. The CVD of diamond on non-carbide forming materials such as copper has
been rcported in the early work by Russian researchers [ 3 ] in 1975 and 1981, but only
!imited description was given on this material and did not seem to attract much
attention. Compared to the studies on deposition conditions and techniques, investigation
on the effects of different substrate material is much less. As a step toward further
understanding the role of substrate material and deposition mechanism, systematic
depositions on copper substrate were made in the present work at different experimental
conditions. The results are compared to those observed in the case of silicon substrate and
possible mechanism of the obscrved behavior are discussed.,

Experimental

A typical HFCVD system which has been described earlier [ 4 ] was used for diamond
deposition. A tungsten filament was placed about 0.9 cm above the substrate surface and
substrate temperature was further controlled by an heater placed under the substrate.
Polycrystalline oxygen-free copper plates with 2mm thick was used as the substrates. The
substrate was cleaned and polished using standard procedure. The depositions were
performed systematically at different value of substrate temperatures, filament
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temperatures, methane to hydrogen flow ratios and total pressures. In a given series of
depositions, one parameter was changed systematically while the other parameters were
kept constant. After the first deposition was finished, the substrate was carefully changed
without any disturbance to the experimental setup and then deposition was run with the
new value of the parameter, which was being investigated. Prior to deposition condition
the filament was pre-processed in 5 tort methane atmosphere at working temperature so
that a tungsten carbide layer can be formed at the filament surface, leading to
minimization Of tungsten evaporation and substrate contamination. To measure the
substrate temperature more accurately, the thermocouple was connected directly to the
copper substrate. The filament temperature was measured by an optical pyrometer.

Results

A. Characteristics of HFCVD on Copper Substrate

The SEM pictures shown in Fig. I represent a view of deposition results obtained in the
present work. The deposition conditions were, substrate temperature 900°C ,filament
temperature 1950°C ,total pressure 20 tort and methane to hydrogen flow ratio 1.0/100.
After 2 hours deposition well-structured diamond crystals or continuous crystallite
diamond film was deposited uniformly over the copper substrate surface. Sharp peak located

at 1332cm "1 shows diamond phase with very less content of graphite.
From the pictures shown in this paper,, the following results were observed.
1) High nucleation density of diamond can be obtained on copper substrate without
scratching with diamond paste. This is not consistent with the early work reported by
Russian researchers[3 1. where they reported that nucleation density of diamond on non-
carbide forming material is 1 to 2 order of magnitude lower than that on carbide-f,)rming
matesials.
2) Nucleation density of diamond can be controlled by deposition conditions. At different
conditions, nucleation densities ranging from very separated particles to continuous
diamond film was deposited. In contrast with this, nucleation of diamond on silicon substrate
is prinarily determined by substrate surface condition such as scratches and is difficult to
be related to the deposition parameters.
3) Growth rate of diamond mainly depend upon substrate temperature while being less
affected by other deposition parameters. A factor of ten increase in growth rate of diamond
was observed as substrate temperature increased from 80O°C to 1050°C and seems to further
increase at even higher temperatures. Maximum growth rate of about 10 micron/hr was
achieved at optimum condition. It was reported that growth rate of diamond grown on sihcon
substrate shows a maximum, e.g.. it initially increases with substrate temperature and then
falls. For copper substrate no maximum was observed up to substrate temperature 1050C.
4) An apparent activation energy of 24 kcal/mol was observed for the growth of diamond
phase.
5) At same deposition condition and period, the size of diamond grown on copper substrate
was found to be 2 to 3 times bigger than that on silicon substrate.
6) Co-deposition of graphite on copper substrate is less than that on silicon substrate.
7) Strain centers generated by scratching the copoer substrate is still an effective method to
enhance diamond nucleation density.
8) Generally speakiig, the perfection of diamond crystals grown on copper substrate is
higher than that on silicon substrate.
9) The adhesion between diamond film and copper substrate is weak. This weakly bonded
diamond film peeled off when the substrate temperature was lowered at the end of
deposition. The peeled-off film are transparent with light brown color.

74



B. Dependence of growth behavior on deposition conditions

In Fig.2, we show systematic results of our deposition on copper substrate. A strong
dependence of growth behavior on deposition conditions was observed. Standard deposition
conditions used in these systematic depositions were substrate temperature 900C. filament
temperature 1950*C, total pressure 20 torr and methane to hydrogen flow ratio 1.0/100. The
deposition parameter being examined was changed in a series of deposition while the others
was kept at standard value.

1). Growth rtte and Activation energy

Growth rate was found to be mostly dependent on substrate temperature than on other
parameters as showed in Fig. 2, a to e. About 10 times increase was observed as substrate
temperature was incieased from 800°C to 1050 C. The maximum growth rate of about 7A/hr
was obtained at the highest substrate temperature (1050C ). The data of growth rate from
Fig. 2,a to e is plotted in Fig 3a. The trend of the curve shows that growth rate of diamond is
still increasing with substrate temperature at Ts>1050°C, which is already very close to the
melting point of 1083.4*C for copper. It is noticeable that this result is different from that of
HFCVD on silicon substrate where growth rate was found to increase with substrate
temperature initially and then falls, when Ts was too high [ 5 1. Also silicon carbide and
graphite can be formed at Ts higher than 1000 0C and crystallinity of diamond changed to
bad. It is interesting to plot the growth rate data versus substrate temperature in Arrhenius
form, as shown in Fig.4. One can see that the curve shows a good linearity and a significantly
small apparent activation energy of 24 kcal/mol was observed. This is very close to the result
reported by spitsyn et al[3], where they found the activation energy for diamond growth on
diamond seeds via pyrolysis of methane is 60 Kcal/mol and it drops down to 25 Kcal/mol
when atomic hydrogen was introduced. We note that the growth rate of diamond we are
talking here is in terms of "an average size of 20 largest diamond crystals growth per hour".
This is approximate in certain degree but,as one can see, the trend of the curve is definitely
clear..
The correlation between growth rate and methane to hydrogen flow ratio is plotted in Fig. 3b
and the corresponding pictures are shown in Fig.2,i to k. A slight increase in growth rate
was observed when flow ratio was increased from 1.0/100 to 3.0/100.
Diamond deposited at different filament temperature are shown in Fig.3c and Fig.2, f to h.
The result shows that filament temperature weakly affects diamond growth rate..

2). nucleation

From the pictures showed in Fig.2, a to m , it can be seen that nucleation density vary with
deposition conditions significantly and thus can be controlled via deposition conditions.
This can not be done on silicon substrate because where the nucleation was basically
determined by the surface condition such as scratches and adsorbed impurities.
The dependence of diamond nucleation density on substrate temperature is shown in Fig.2,a
to e and Fig.3d . Nucleation density of 5xl06 /cm 2 was observed at Ts=800°C and it dropped
down to 0.4xl0 6 /cm 2  at Ts=l0500C. Increasing filament temperature was also found to
significantly decrease nucleation density of diamondas shown in Fig.2,f to h and Fig.3f.
Nucleation density decreased from 3xl0 6 /cm 2 to 0.1xl06 /cm 2 as filament temperature
increased from 1870*C to 20000C. In the case of Tff2000*C ,well defined diamond crystals
with very low number density was deposited while at Tful870*C ,high number density of
diamond particles was formed on substrate but no clear faceting was observed. Increasing
methane to hydrogen flow ratio was also found to result in increase of diamond nucleation
density, as shown in Fig.2,i to k. and Fig.3e .
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Perfection of deposited diamond crystals
The perfection of deposited diamond crystals were found strongly depend upon the
deposition conditions, as can be seen in Fig.2 . Since no carbide can be formed on copper
substrate, so the disturbance of carbide formation can be ruled out and effects of deposition
conditions become more clear than the case of silicon substrate and is helpful to the
understanding of deposition mechanism. But, for the reason of limited pages of this paper,
this will be discussed later elsewhere.

Discussion

1) Growth rate
Growth rate of CVD diamond ranging from 0.2 to 10 microtis per hour has been reported[ 5 1.
Because the data reported are sigrificantly scattered, it is still not clear that which
deposition parameter is most important to the growth rate of diamond. From t-.e fact
mentioned above, e.g.,the growth rate increase with substrate temperature while being less
affected by other parameters, we conclude that at least at Ts<10500 C, the growth rate is
mainly controlled by substrate temperature. Activated carbon-containing radicals have to
undergo a hydrogen-removing reaction to form diamond or graphite phase. This reaction,
although it is still not being clearly understood, must happens at the growing surface
because deposition rate of both diamond and graphite are so strongly dependent on substrate
temperature. This is also suggested by the Arrhenius plot shown in Fig.4 where the
linearity of Ln(D) vs 1/Ts correlation indicates the characteristic of thermally activated
surface reaction process. In the normally used condition, say, Ts=800-1000*C, CH4/H2 =
0.5/100-1.5/100 and total pressure 20-100 ton, the growth rate is more dependent upon
substrate temperature than upon other parameters. According to Fig.3a, growth rate higher
than 10j±/hr can be expected. From the technological point of view, it is of interest to further
enhance the growth rate of diamond. But, dependence of growth rate on substrate
temperature seems leading to a limitation on low temperature deposition of diamond.

It is noticeable that the value of activation energy for diamond growth observed from this
plot is significantly small (24 Kcal/mol ) and,as reported in [3], such a small value is caused
by the existence of atomic hydrogen. These facts support the idea that besides etching
graphite, atomic hydrogen also directly involved in the diamond-forming reaction. Another
interesting result is that the different growth rates of diamond grown on copper and silicon.
As has been suggested, the VLS ( vapor-liqwd-solid ) growth may be an effective mechanism
for diamond growth[ 6]. It can be expected that little amount of copper will be evaporated
during deposition and thus provide the condition for VLS growth. Further work is clearly
needud to better understand this phenomenon.

2) Co-Deposition of Graphite
It has long been realized that excessive growth of graphite hampers the growth of diamond.
Where this graphite started and developed should be a interesting questionThere are three
possibilities: 1) graphite growth on substrate, 2) graphite growth on graphite and 3) graphite
growth on diamond. Since the nucleation behavior is expected to vary significantly with
different material and phase, thus it can be expected that graphite deposition can appear
first on one material while not on the others. From the present work one can see that no
graphite was deposited on copper substrate and growing surface of diamond up to Ts=1050*C,
but, it was observed on a-alumina and silicon substrates. This fact indicate that diamond
itself can nucleate and grow at substrate temperature even higher than 1050 0C , As long as
this growth is not hampered by the excessive graphite grown from substrate. This should be
the main reason for the different behavior of CVD of diamond with different substrate
materialsbecause co-deposition behavior of graphite on different material is very different.
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3) Nucleation

It is noticeable that diamond can nucleate on copper without scratching the substrate and
the nucleation density depend strongly on the deposition conditions. The fact that strain
centers generated by scratching the substrate enhance the nucleation density of diamond
suggest that different kind of surface defects are still the most effective sites for diamond
nucleation. Since polycrystalline copper was used as substrate, the defect density is
expected to be much higher than mirror polished single crystal silicon. Note that Fig.2,a to e
shows a significant decrease in nucleation density as substrate temperature increase. This
cqn be explained as at high substrate temperature the copper substrate was at least partially
annealed . The defects density was reduced and this results in the decreasing diamond
nucleation density. This was further confirmed by heating the substrate to melting point for
a few seconds so that a mirror- like surface was formed. Diamond nucleation density on this
region was found to be further reduced. On the other hand, the nature of the copper material
can also play an important role in diamond nucleation. Copper is a non-carbide forming
material with very close lattice constant to diamond ar.J the interaction between copper and
diamond is weak. These factors could lead to a weakly bonded diamond phase on copper with
small elastic energy in copper-diamond interface. This means less energy is needed to form
diamond nuclei. Furthermore, absence of graphite nucleation can be expected to favor the
formation of diamond nuclei. It should be noted that althcugh surface defects seems to b- an
effective site for diamond nucleation, dependence of nucleation density on methane to
hydrogen flow ratio can not be related to surface defects. This result indicate that the
concentration of carbon-containing radicals in gas phase is also an important factor. In fact
that diamond nucleation density increases with methane to hydrogen flow ratio, is
consistent with the nucleation theory. The reason for nucleation density being strongly
dependent on filament temperature can also be related to the gas phase. As filament
temperature increases, the concentration of carbon containing radicals relative to atomic
hydrogen decrease and the effect of this equaP to reducing the methane to hydrogen flow
ratio. The reason for this is that methane starts to thermally decompose at 1 100*C and at
high enough filament temperature such as 17000C, most of methane molecules that strike the
filament surface decomposes, while at this filament temperature hydrogen just starts to
decomposei. That is, in the case of low filament temperature, concentration of carbon
containing radicals relative to that of atomic hydrogen can be very high. Therefore high
nucleation density of diamond will be observed at relative low filament temperature, similar
to the effect of increasing methane to hydrogen flow ratio. Another factor that may affect the
diamond nucleation is that the composition of methane/hydrogen mixture in a HFCVD
chamber changed significantly with filament temperature, as reported recently by Sommer et
al( 7 ]. The importance of filament temperature is clear and further work is needed.

Conclusions

I) Diamond with high perfection and high nucleation density can be a.posited on copper
substrate with CVD technique. Diamond can nucleate on non-carbide forming material
indicate that strong interaction between carbon and the substrate is not absolutely necessary
for diamond nucleation. Strain centers is found still to be the effective site for diamond
nucleation.
2) On copper substrate diamond nucleation density can be controlled via deposition
condition. Increase in substrate temperature and filament temperature resulting in decrease
of diamond nucleation density whilc it increase with methane to hydrogen ratio.
3) The Co-deposition of graphite on copper substrate is less than that on carbide-forming
material.
4) Diamond growth rate was found to be mainly dependent on substrate temperature.
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5) The ratio of activated carbon-containing radicals to atomic hydrogen determine the
perfection of deposited diamond. Methane concentration and filament temperature are some
of the parameters which affect this ratio and therefore changing the quality of the diamond.
6) An apparent activation energy of 24 kcal/mol was observed for diamond growth. The small
value of the energy is attributed to the atomic hydrogen - involving reaction that leads to the
diamond formation.
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Abstract

Homoepitaxial growth of high quality, facetted
diamond crystals at rates exceeding 150 microns/hour has
been observed on millimeter sized {100} and {110} natural
diamond seed crystals, using a laminar, premixed oxygen-
acetylene flame in air, The key element in achieving such
high growth rates has been a substrate temperature in the
1150-15000C range. Microscope and naked eye observations
show the original cylindrical shaped seed crystals growing
into polyhedral shaped crystals with identifiable {100) and
{111} faces. Examination under optical and scanning electron
microscopes reveals terraces on the {100} faces. The
deposited d;amond is clear and exhibits Raman spectra
almost identical to that of natural diamond. Laue Xray
diffraction analyses have confirmed the epitaxial nature of
the growth. The deposition temperatures and growth rates
reported are the highest ever observed for the homoepitaxial
synthesis of diamond crystals at low pressures.

Introduction

In the fall of 1988 we observed an unusual phenomena during multi-
hour diamond depositions with an oxygen-acetylene flame. Frequently.
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large (-100-350 microns) single crystals of diamond would begin to grow
on Si substrates after about 1-3 hours [1, 2]. These large crystals
typically had smooth, oriented {100) faces, and electron channeling
measurements [3] indicated that the crystals were monocrystalline and
that the strain in the crystal lattice was indistinguishable from natural
diamond. The Raman spectra of a typical crystal exhibited a sharp 1332
cm- 1 peak, no evidence of a-C or graphite, and a very low fluorescence
background. The crystals often were found on pedestals which thermally
isolated them from the substrate. Capelli [4] has used an energy balance
argument to show that diamond crystals in an oxygen-acetylene flame
would equilibrate above 12000C if thermally isolated from their
substrate. Unreported in the presentation of previous studies [1, 2, 3]
was the observation that during long multi-hour depositions a two color
pyrometer always registered temperatures >12500C (the limit of the
instrument) whenever large (>100 g±m) single crystals appeared on the
substrate, and that the crystals themselves had a visible brightness that
was considerably brighter than the 900-10000C substrate.

Based on these observations, we performed a series of homoepitaxial
growths in a laminar, premixed oxygen-acetylene flame at substrate
temperatures of 1150-15000C. The results of these depositions are
described in the following sections and in an upcoming publication [5].

Ex0erimental Setuo

The apparatus used in this study is similar to that described in
previous work [6,7]. Oxygen and acetylene were metered to a commercial
brazing torch with a mass flow control system.. The temperature of the
substrates was measured with a two-color pyrometer which was
insensitive to the flame's emission. The substrates consisted of 0.5 mm
thick, natural type I and type Ila diamond heat sinks with circular or
square cross sections, polished on the top {100) or (110} faces, and
brazed to the ends of 1.5 cm long pieces of threaded molybdenum rod with
a Au-Ta compound. Although th, braze material melted during the high
temperature depositions, no degradation in thermal contact between the
seed crystals and the Mo rod was observed during depositions up to
15000C. Since the thermal conductivity of the seed crystals and braze
material is relatively high, the seed crystal is expected to be isothermal
and its temperature equal to or slightly greater than the Mo rod
temperature. The temperature of the seed crystals was controlled by
adjusting the penetration of the Mo rod into a water cooled Cu cylinder. A
more detailed description of these procedures can be found elsewhere [5].
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Results

A series of growths on three <100> and one <110> oriented diamond
crystal substrates were performed at substrate temperatures of 1150,
1250, 1360, and 15000C (±300C), respectively. Depositions at
temperatures below 10000C consisted of small, rectangular shaped,
oriented single crystal domains on {100} seed crystals, and rough surface
morphologies on {110} seed crystals which were similar to the results
reported by Janssen et al. [8]. Growths below 10000C on both {100) and
{110) seed crystals exhibited oriented polycrystalline growth around the
perimeter the seed crystals (see Figure 1). A substrate temperature of at
least 1150-12000C appeared necessary to grow a macroscopic facetted
crystal which covered the entire top surface of the seed crystal. These
results are strongly dependent on the position of the seed crystal in the
flame. Growth of macroscopic (e.g. 1.7 mm x 150 lam) polyhedral
crystals from 1.5 mm diameter cylindrical seed crystals was observed in
-20-30 minutes at 12500C on a <100> oriented crystal, and in -10-15
minutes at 15000C on a <110> oriented crystal. Large (-100 microns)
randomly oriented diamond crystals were also observed to grow at each
temperature on the Au-Ta braze covering the top surface of the Mo rod.

Electron micrographs of a cylindrical (100) seed crystal before and
after a one hour growth at 12500C are shown in Figures 2a and 2b,
respectively. The thickness of the deposited layer was estimated with an
optical microscope equipped with a micrometer; it varied from 100-165
microns depending on position on the {100} face. The deposited material
has an octagonal shape when viewed from above (Fig 2b), with the shapes
of the side faces alternating between trapezoidal and truncated
parallelograms. These are the shapes expected around the 'waist' of a
cubo-octahedral crystal which is truncated along a <100> axis which is
perpendicular to the plane of the waist (the plane of the waist contains
four <100> axes). The trapezoidal and truncated parallelogram shaped
faces would thus correspond to the <111> and <100> crystallographic
directions, respectively, as shown in Figure 3.

The first order Raman spectrum of the deposited crystal side of the
12500C sample (see Fig. 2) was measured with a low laser power (40
W/cm 2), a 514.5 nm laser line, and a bandpass comparable to the phonon
peak's line width, and is shown in Figure 4. Note the absence of graphite
and a-C components in the spectra and the low luminescence background.
High resolution Raman spectra were also acquired from this crystal. The
deposited crystal's diamond peak position was located at 1333.1 ± 0.2
cm "1) and it's linewidth (FWHM) was 2.6 cm'. For comparison, we also

83



measured a natural type IIA diamond; the values obtained were 1333.5
cm- 1 and 2.4 cm- 1, respectively.

The increase in the luminescence background observed in the Raman
spectrum at higher frequency shifts is due to a defect band which has a
zero phonon line (ZPL) at 2.155 eV, as shown in Fig. 5. The low
temperature (6K) photoluminescence spectra shown in Figure 5 was
excited with a 488 nm laser line and with a power of -5mW. The two
strongest bands (d,e) are located at 2.155 eV and 1.946 eV; these have
been assigned (9) to a nitrogen vacancy complex and a iitrogen-vacancy
(N-V) pair, respectively. Two weaker bands (a,f) at 2.464 eV and 1.682
eV correspond to the H3 center and a possible Si-related defect (9). A
weak band (c) that has not been assigned to any previously observed
defect was seen at 2.282 eV. The peak (b) at 2.375 eV is the 1st order
Raman peak.

The observation of the polyhedral shape of the deposited crystal
shown in Figure 2b and the quality of the deposited crystal's Raman
spectra shown in Figure. 4 suggested that the growth is monocrystalline.
Laue Xray diffraction patterns of both the seed crystal and deposited
crystal sides of the 12500C sample are shown in Figures 6a and 6b,
respectively. Analysis of these patterns confirmed that the deposited
diamond is monocrystalline with a <100> orientation which is epitaxially
oriented with respect to the {100} seed crystal. The optical transparency
of the deposited crystal is excellent [5].

At high substrate temperatures in a laminar flame, growth on the
{100) surface proceeds mainly via steps which can be many hundreds of
microns long. The period of the steps increased with the deposition
temperature [5], and ranged from 1-2 microns at 11500C to 40-60
microns at 136000. The seed crystals subjected to higher deposition
temperatures had larger misorientations, which would tend to produce a
smaller initial step peribd. This suggests that the step period does
increase rapidly with temperature. Under certain conditions, continucus
growth across the top surface of the seed crystal is lost, but local well
formed domains of epitaxial growth which are 100's of microns on a side
are observed to grow at rates exceeding 200 gm/hr in the <100> direction.

A deposition on a cylindrical {110} seed crystal was performed at a
temperature of 15000C. After only 15-20 minutes at this temperature,
crystal faces corresponding to the {111}, {110) and {100} directions
appeared around the perimeter of the top {110} face of the seed crystal,
giving an octagonal shape when viewed from above [5]. A very low growth
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rate in the center of the seed crystal's {110) face was observed; the
Raman spectra of this area of the face exhibited a strong graphitic
character. The Raman spectra of the epitaxially grown faces exhibit a
diamond peak height to fluorescence background ratio of >351. Poorly
formed cubo-octahedral crystals were also observed to grow on the Au-
Ta braze material [5]. This is the highest temperature ever reported for
both epitaxial and non-epitaxial diamond growth at low pressures.

iscussion

In 1976 Chauhan et al. [10] reported on a study of carbon deposition
on 0-1 micron diamond powders which used methane-hydrogen gas
mixtures without activation of the gas phase. Their results showed
diamond growth at temperatures of 1140-14750C (determined from
density measurements), and a maximum initial diamond growth rate of
<0.02 microns/hour which exponentially decayed with time. The
exponential decay of the initial rate was explained by the covering of the
diamond surface by graphitic carbon. In 1981 Spitsyn et al. reported [11]
on homoepitaxial growth studies in a controlled transport reaction (CTR)
environment. They stated, "high perfection single crystalline [diamond]
layers were obtained on the {110} face of natural diamond at 7500C... As
the temperature is increased further, the growth rate of [the]
homoepitaxial film increases ... and reaches a maximum at -10000C.
Further increase in temperature results in a reduction of the growth rate
and in deterioration of the structure of the diamond layers, so that HEED
analysis reveals graphite inclusions." As far as we know, no refereed
publications reported on the homepitaxial growth of diamond above
12000C between 1976 and 1990.

Several authors [12,13] have argued that the chemisorption states of
hydrogen on diamond surfaces [14], with their desorption peaks at
approximately 900 and 10500C, will prevent a growing diamond surface
from maintaining its sp3 hybridization at higher temperatures. The upper
temperature limit for CVD diamond growth would then be due to the
desorption of atomic hydrogen and the subsequent reconstruction and
graphiization of the growing diamond surface. The actual hydrogen
coverage of a diamond surface in a CVD environment will depend on a
dynamic balance of the flux of hydrogen and other species from the gas
phase, as well as the abstraction and desorption kinetics on the surface.
Estimates of the hydrogen disassociation fraction in atmospheric
pressure oxygen-acetylene flames suggest that the hydrogen flux in a
flame environment could be as much as an order of magnitude higher than
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in CVD reactors [5]. Thus, the high atomic hydrogen flux in an
atmospheric pressure oxygen-acetylene flame could permit a growing
diamond surface to remain hydrogen terminated well above the hydrogen
desorption temperatures determined under UHV ccnditions.

A recent U.S. patent application [15] and two publications [16, 17]
reported diamond growth at temperatures above 140000. Scanning
electron micrographs in both publications show a columar type
morphology with square, <100> oriented diamond crystals situated on top
of the columns. The columns act to thermally isolate the large diamond
crystals from the substrate, thus generating the very high crystal
temperatures that we first observed in 1988 [1, 2, 3, 5].

The existence of a new high temperature, high rate growth regime for
the homoepitaxial synthesis of macroscopic, high quality diamond
crystals has been demonstrated by this work. Knowing that DC and RF
plasma jets can also induce a high disassociation fraction of hydrogen,
we recently initiated a collaboration with the High Temperature
Laboratory at the University of Minnesota. The results of this work
indicate that monocrystalline diamond can also be grown with a high
temperature epitaxy (HTE) type process in a DC triple torch reactor [18,
19]. The work reported in these papers may eventually enable the growth
of relatively inexpensive, large (1-10 ct.) single crystals and boules of
diamond. Such diamond is not readily available from natural or synthetic
sources and is needed to develop diamond-on-diamond electronic devices,
heat sinks and bulk optical components.
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(a) I - ' 311m (b) I - I 36 pjm

Figure 1. Scanning electron micrographs of a) top surface of {1101 type
IIA seed crystal after 1 hr deposition at 9500C showing rough growth
surface similar to that observed by other groups, and b) edge of same seed
after deposition showing oriented polycrystalline growth on side of seed.

(a) I I 750 Jm (b) I - I 750 gm

Figure 2. Scanning electron micrographs of circular <100> oriented seed
crystal grown at 1250+300 C in a oxy-acetylene flame: a) before deposition,
and b) after deposition showing faceted growth with octagonal shape.

88



C110>

Figure 3. Cubo-octahedral crystal showing growth sectors observed
(gray) in deposit on {100} seed crystal shown in Fig. 2b.
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Figure 4. Raman spectrum of the diamond crystal shown in Fig. 2b. The
diamond peak position and its FWHM are 1333.1 cm- 1 and 2.6 cm- 1 ,
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Figure 5. Low temperature photoluminescence spectrum of diamond
crystal shown in Fig. 2b. Note the peaks at 2.464 (a), 2.282 (c), 2.155 (d),
1.946 (e) and 1.682 (f) eV. The first order Raman peak (b) is at 2.375 eV.

(a) (b)

Figure 6. Laue Xray diffraction pattern of a) seed crystal side of 12500C
sample after growth, and b) deposited crystal side of same sample. Note
that the deposited layer is monocrystalline, of <100> orientation, and
epitaxially oriented with respect to the seed crystal.
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ABSTRACT

High quality polycrystalline diamond films have been
synthesized in a turbulent premixed, oxygen-acetylene flame,
using a commercial brazing torch. The quality of the films
was measured by high resolution Raman spectroscopy,
scanning and transmission electron microscopy,
hemispherical transmittance measurements in the UV, visible
and infrared, and photoluminescence spectroscopy.
Turbulence was achieved by operating the torch with a
sufficiently high Reynolds number. The presence of
turbulence was confirmed by observations of changes in the
flame shape, the characteristic sound of the flame, and
calculation of the Reynolds number.

Most combustion processes either involve or are dependent on
turbulence. While several groups have investigated diamond growth in
laminar flames (1,2), none have examined the turbulent case. One of the
outstanding features of turbulent flames is that the rates of transfer and
mixing can be several orders of magnitude higher than in laminar flames
(3). This is due to the presence nf eddies, which can have an effective
diffusion coefficient which Is larger than the molecular diffusion
coefficient by one to two orders of magnitude, depending on the Reynolds
number (4). Consequently, the transport of molecules, heat and momentum
can be greatly enhanced in turbulent, as compared to laminar flow. If the
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diamond growth rate In laminar premixed flames is transport limited, then
that rate could be significantly Increased by the introduction of turbulence.
Recently we have reported on the growth of high quality diamond films in a
turbulent, premIxed, oxygen-acetylene flame (5). In this paper we provide
more details about the growth conditions and additional analyses of the
quality of the deposited diamond films.

The apparatus used In this study consisted of a commercial oxygen-
acetylene brazing torch, a gas mass flow control system, a water cooled
copper (Cu) substrate mount, and a two-color Infrared (IR) pyrometer that
was used to monitor the substrate temperature during growth (see Figure
1). The substrates corsisted of -1.5 cm long sections of 3/8"-16
molybdenum (Mo) threaded rod, slotted on one end and polished with silicon
carbide and diamond grit on the other. The temperature of the Mo
substrates was controlled by adjusting the penetration of the substrates
into a threaded hole In the water cooled Cu substrate mount. A more
detailed description of this experimental setup can be found elsewhere (6).
High purity oxygen (99.99%) and acetylene (99.6%) were used as source
gases, with the acetylene passed through an activated charcoal trap to
remove residual acetone (7). For this study the ratio (Rf) of the flow rate
of oxygen to acetylene was chosen so that a small excess acetylene feather
existed just beyond the primary flame front. The substrates were
positioned In the feather about 1-2 mm from the primary flame front (see
Fig. 1), and adjusted so as to maintain a surface temperature of -900 0C for
one hour. Photographs of flame shapes were performed with a Bausch and
Lomb StereoZoom7 microscope and a standard polaroid attachment.

Figures 2a and 2b show photographs of premixed oxygen-acetylene
flames generated with 0.89 mm and 1.85 mm diameter orifice tips,
respectively. The oxygen/ acetylene flow ratio and the average gas
velocity at the orifice are the same for both flames. Turbulent flow can
cause a rounding and broadening of the primary flame front, as shown in
Figure 1b, and introduce a characteristic hissing sound (8). The rounding
of the flame front may be due to the rounding of the velocity profile
observed when the flow in a tC.e changes from laminar to turbulent. The
broadening occurs when the scale of the turbulence (i.e. the eddy diameter)
is significantly greater than the flame front thickness (9). Instantaneous
micro-Schlleren photographs have revealed that the thickened flame front
seen by the eye Is really the time averaged envelope of a fluctuating,
corrugated flame front (it). The Reynolds number (Re = vdp/4) of the
flow In the tube supporting the fames shown In Fig. 2a and 2b was
calculated to be 5,900, and 12,200 respectively, assuming a temperature
of 3000K and a 1:1 mixture of oxygen: acetylene. Higher gas temperatures

92



could lower these Re values (due to the viscosity's 41T dependence), but the
temperature rise of the gases In the burner tip was sstimated to be
negligible. The high Reynolds numbers quoted here for flow In the tube
supporting a laminar flame may be related to the observation (11) that
Bunsen burner flames can appear laminar when the gas flow in the burner
tube is turbulent.

The laminar and turbulent operational regimes (12) of a Bunsen burner
are shown as a function of the average gas velocity and the burner
diameter in Figure 3. We expect that oxygen-acetylene torches will
exhibit similar, but not identical, characteristics. Note that both the
laminar and turbulent regimes are bounded from below by the flashback
limit, and from above by the blow-off limit. These limits correspond to
the flame either propagating back down the burner tube or becoming
unstable and detaching from the burner tip, respectively. The blow-off
and flash back limits are defined semi-empirically in terms of two
critical velocity gradients which are expressed in terms of the quenching
distance and the average gas velocity. The quenching distance corresponds
to the tube diameter below which a flame cannot propagate, due to heat
losses to the walls; this sets a lower limit on the burner diameter. For
stoichiometric mixtures of oxygen and acetylene, the quenching distance
is about 0.1 mm. The laminar and turbulent regimes are separated by a
hyperbolic wedge defined by the Reynolds number values corresponding to
the laminar-turbulent transition at the flame front. Since these Reynolds
numbers are not defined at the flame front, the values may be higher than
the normal 2,300-3,200 values that are quoted for turbulent flow in tubes.
The velocity profile in the burner tube changes significantly when the
flow changes from laminar to turbulent, and hence the critical velocity
gradients and slope of the the blow-off and flash-back limits shown in
Fig. 3 may also change in passing through the laminar-to-turbulent
transition.

The first order Raman spectrum of a polycrystalline diamond film
grown at Ts = 900 0C in a premixed (Rf = 1.08), turbulent oxygen-acetylene
flame was measured at low power with a bandpass of 2.7 cm -1 and is
shown in Figure 4. Note the absence of any significant graphite or a-C
components in the spectrum and the small luminescence background
increases with larger shifts from the excitation wavelength. A
measurement of the high resolution Raman spectrum of the same sample
was also performed. The film's diamond peak position Is located at
1333.3 ± 0.2 cm-1 and it's linewidth (FWHM) is 3.0 cm-1 . For comparison, a
natural type IIA diamond sample was also analyzed; the peak position and
FWHM were found to be 1333.5 cm-1 and 2.4 cm-1, respectively.
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The low temperature photoluminescence spectra of the polycrystalline
sample analyzed In Figure 4 Is shown In Figure 5. We have used a 488 nm
laser line and a power of 20 mW for this measurement. Note that the
spectra exhibits no detectable vacancy and/or nitrogen related complexes
that have been observed (12) in diamond grown in laminar oxygen-
acetylene flames. The regularly spaced small peaks from 1.4-1.7 eV are
due ') Interference effects in the film. Note that the spectrum is
dominated by a strong first order Raman peak at 2.375 eV, and a broad
almost featureless luminescence band. The broad band may be due to the
recombination of extended defects, as observed in natural diamond. The
feati res at 1.8-1.9 eV and 2.0-2.1 eV are probably due to the spectral
response of the spectrometer. A transmission electron micrograph of a
film grown under similar conditions is shown in Figure 6a. The grain size
is 1-2 g±m. Twinning, although frequent, Is not as heavy as in FACVD films
which were grown and analyzed at NRL. Stacking faults may also be
observed, as shown In Fig. 6b.

Diamond crystals grown on SI coated Mo substrates under the proper
conditions (I. e. substrate temperature, flow ratio, position in flame) in a
turbulent oxy-acetylene flame are transparent enough to allow one to
image the substrate through Individual crystals with an optical
microscope; thin films (-10-30 im thick) grown on Mo substrates are
white and sufficiently transparent to read newsprint through. We have
been able to grow well facetted crystals at substrate temperatures of
500-12000C, depositions outside of this range have not been attempted.
The UV, visible and NIR hemispherical transmittance of 10 g±m thick
diamond films synthesized in a turbulent flame is high throughout the UV,
visible and NIR (5). A sharp absorption edge is observed at -222nm,
indicating the absence of the defect center associated with substitutional
nitrogen (13). A slightly higher transmittance Is observed when the rough
side of the film is oriented towards the spectrophotometer's beam. This
is due to total internal reflection at the rough surface of the film (14).,

The diamond growth rates observed under the conditions reported in
this paper are lower than those observed with a laminar oxygen-acetylene
flame (2,6). In a turbulent flame, the flux of active species to the
growing diamond surface Is expected to increase significantly compared
to a laminar flame. Recently we have determined that the boundary layer
next to a substrate positioned in a flame similar to that shown in Figure
2b is laminar. Hence, the increased species flux associated with turbulent
flow may not be fully realized. The increase in quality and lower growth
rates for diamond synthesized in a turbulent flame suggests that the flux
of growth to etchant species (15) at the substrate surface has shifted In
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the direction of etching. If the entrainment of room air increases with
flow rate and/or turbulence, then additional etchant species, e.g. OH, may
be transported to the substrate. A thinner boundary layer may also change
the ratio of growth to etchant species at the substrate if the lifetimes of
critical species are close the the transport time across the boundary
layer. Finally, if the level of turbulence is sufficiently high, the flame
front can be discontinuous, leading to burning In isolated pockets and
further changes in the growth chemistry. Previous reports of high quality
diamond growth in flames (16,17,18) did not indicate that turbulent
flames were employed, and flame shape drawings and/or experimental
parameters from these papers suggest that the flames were laminar.

FI'ERENCES

1Y. Hirose and M. Mitsuizumi, New Diamond 4(3), 34 (1988).2L. M. Hanssen, W. A. Carrington, J. E. Butler, and K. A. Snail, Malls. Ltrs 7, 289
(1988).

3H. Tennekes and J. L. Lumley, A first course in turbulence, MIT Press, (Boston,
1972).

4U. Frisch and S. A. Orszag, Physics Today, p. 24, (January 1990).
5K. A. Snail and C. Craigie, Appl. Phys. Ltrs. 58, 1875 (1991).6L. M. Hanssen, K. A. Snail, W. A. Carrington, J, E. Butler, S. Kellogg, and D. B. Oakes,

Thin Solid Films 196, 271 (1991).
7D. C. Manning, Atomic Absorption Newsletter 7, 44 (1968).
8A. G. Gaydon and H. G. Wolfhard, Flames: Their structure, radiation and temperature.

Chapman & Hall, p. 14, (London, 1979).
9J. A. Bamard and J. N. Bradley, Flame and Combustion, Chapman and Hall, p. 74 (New

York, 1985).
10M. D. Fox and F. J. Weinberg, Proc. Roy. Soc. A 268, 222 (1962).
111. Glassman, Combusfio, Academic Press, p. 167, (New York, 1987).
1 2j. A. Freitas, J, E. Butler, and U. Strom, J. Matl. Res. 5, 2502 (1990).
13M. Seal, Interdisc. Sci. Rev. 14, 64 (1989).
14T. P. Thorpe, A. A. Morrish, L. M. Hanssen, J. E. Butler, and K. A. Snail, Proc. of the

Conf. on Diamond Optics Ill, SPIE Vol. 1325, p. 230, Intl. Soc. for Optical
Engineering, (Bellingham, WA, 1990).

15S. J. Harris and A. M. Weiner, Appl. Phys. Ltrs. 55, 2179 (1989).
16Y. Hirose, S. Amanuma, N. Okada, and K. Komaki, Proc. of the 1st Intl. Symp. on

Diamond and Diamond-Like Films, ECS Proc. Vol. 89-12, p. 80, May 7-12, 1989
(Los Angeles).

17K A. Snail, W. A. Carrington, L. M. Hanssen, and A. A. Morrish, Proc. Conf. on Diamond
Optics II, SPIE Vol. 1146,, p. 144, Intl. Soc. for Optical Engineering, (Bellingham,
WA, 1989).

18Y. Tzeng, C. C. Tin, R, Phillips, T. Srivinyunon and Y. Chen, Appl. Phys. Ltrs. 57,
789 (1990).

95



MASS FLOW CONTROLLERS
TWO-COLOR

| ACTIVATED PYROMETER
C2H2 - CHARCOAL TRAP PY.OMETER

TORCH -

~Mo ROD

BRUSH -WATERSAMPLE- ---

FEATHERCOPPER MOUNT

SCREWDRIVER

Figure 1. Experimental setup showing mass flow controllers, two color
pyrometer, brazing torch and substrate mount assembly. The flame shape
and sample position are indicated in the inset.

Figure 2. Photographs of premixed oxygen-acetylene flames which are
(a) laminar and (b) turbulent. Note the rounding and broadening of the
flame front in the turbulent case, compared to the thinner conical flame
front in the laminar case.

96



•. TURBULENT
REGIME

LAMINAR
REGIME

LU 2Vb

p I I I

2Dt 1.1 1.5 1.9

BURNER DIAMETER (mm)

Figure 3. Operational regimes of premixed, single orifice torches. Note
the flashback limit, the blow-off limit, and the hyperbolic wedge
separating the laminar and turbulent regimes.
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Figure 4. Raman spectrum of a polycrystalline diamond film grown in a
turbulent, premixed oxygen-acetylene flame at Ts = 9000C.
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Figure 5. Low temperature photoluminescence spectrum of a diamond
film grown in a turbulent oxygen-acetylene flame. Note the absence of
defect bands associated with vacancies and nitrogen related complexes.

Figure 6. TEMs of a diamond film grown in a turbulent flame: (a) bright
field, showing twins (b) dark field, showing stacking faults.
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Abstract

Thermal plasma jets were used for high rate homoepitaxial growth of
diamond. Coalesced plasma jets impinged on a cylindrical diamond seed
crystal which was located at the converging part of the jets. After a typical
30 minute deposition, polyhedral shaped crystals were observed having
grown on top of the original seed. The growth rates ranged from 100 to 220
pttmhour, which is highest ever reported for the homoepitaxial growth of
diamond.

Introduction

The many superlative properties of diamond have led to a considerable research and
development effort (1) ever since the initial high pressure, high temperature process for
making synthetic diamonds has been discovered (2). Polycrystalline diamond films have
been deposited on a variety of substrate materials with a multitude of processes (1, 3 - 5).
However, the exploitation of the potential of diamond as a high temperature semiconductor
material requires the development of processes for epitaxial flm deposition.

Homoepitaxial film growth of diamond films has been achieved (1, 6 - 20), however,
the growth rate remained on the order of 0.1 pm/hour. Little success has been obtained
with heteroepitaxy (17 - 19) except on cubic boron nitride (20).

Two significant studies on high rate homoepitaxial growth of diamond have been
reported recently. Both of them used oxygen-acetylene flames. A research group in
Drukker International B.V. in the Netherlands has reported successful high rate epitaxial
deposition of single crystal diamond on (110) natural diamond substrates with a growth
rate of 50 gmn/hour (14). A research group at the Naval Research Lab has reported high
rate, high quality epitaxial growth on (100) directions of natural diamond seeds at higher
temperatures of 1,200 OC with growth rates in the range from 100 to 165 gIm/hour (15, 16).

In this paper, we report the high rate homoepitaxial deposition of diamond using the
thermal plasma chemical vapor deposition method. High rates of 100 - 220 gn/hour have
been obtained on both (100) and (110) planes of diamond seeds. The diamond deposits
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have been characterized with scanning electron microscopy (SEM), energy dispersive X-
ray analysis (EDX), Laue X-ray diffraction, and Raman spectroscopy.

Experimental Setup and Conditions

The experiments for the high rate homoepitaxial deposition of diamond have been
performed in a Triple Torch Plasma Reactor ('PR). The reactor consists of three identical
plasma torches in which DC electric arcs are utilized to heat the plasma gases. The three
plasma torches are mounted in such a way that the plasma jets coalesce forming a
convergent plasma volume as shown in Fig. 1 (Only two of the three plasma torches are
shown in the illustration).

The plasma gas is a mixture of argon and hydrogen. Methane diluted with hydrogen is
injected into the converging plasma jets through a water cooled tube located in the center.
The configuration of the plasma volume in this triple torch plasma arrangement ensures a
more complete entrainment of the incoming precursors and therefore a more uniform
mixture compared to the conventional single torch plasma jet reactor. The plasma envelopes
the injected mixture of methane and hydrogen injected and fragments it into activated
species before impinging onto the substrate which is located about 10 cm below the
nozzles.

Because of the dominance of collisional energy transfer in thermal plasmas, high
concentrations of hydrogen atoms and artivated hydrocarbon fragments are being
generated. Such high concentrations are advantageous for the diamond deposition. Thermal
plasma chemical vapor deposition usually results in high deposition rates (21 - 25).

The system is operated in a double wall water-cooled chamber. The optical windows on
the sides allow non-contact substrate temperature measurements. The reactor vessel is
evacuated before the experiment and filled with argon to a pressure of 270 torr. Hydrogen
is gradually added into the torches after the plasma is started. The substrate temperature is
usually monitored by a two-color pyrometer as shown in Fig. 1. However, the bright

$plasma contributes to an error in the reading; therefore, the temperature reading is recorded
at the instant of the plasma shut-down. Typical experimental conditions are listed in Table
1.

Plasma torches (each): current: 300 Amps; voltage: 40 volts;
Ar flow rate: 13 liters/min; H2 flow rate: 1.3 liters/min;

Process pressure: 270 tor,
Gas feeding probe: H2 flow rate: 14 liters/min;

methane flow rate: 5.0 % of the total H2 flow rate;
Substrate: type ha natural diamond, (100), (110 orientation;
Pre-treatment polished; cleaned with ethanol ultiasonically;
Substrate temperature: 1,200 - 1,400 'C (±100 °C);
Deposition time: 30 minutes.

Table 1: Typical Experimental Conditions in TTPR
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The substrates consist of 250 gim thick natural type Ila diamond seed which were laser
cut into circular cross sections, polished on the top (100) or ( 110) faces, and brazed to the
ends of 1.5 cm long pieces of threaded molybdenum rod with a Au-Ta layer. The braze
materials, which have a melting temperatu . around 1,300 °C, insured good thermal contact
between the diamond seed crystals and the molybdenum rod during deposition. Since the
thermal conductivities of the diamond seed crystals and braze material are relatively high,
the seed crystal is expected to be isothermal and its temperature equal to or slightly higher
than the molybdenum rod temperature. The temperature of the seed crystal has been
controlled by varying the penetration of tht molybdenum rod into a threaded hole in a water
cooled copper substrate assembly.

It has been proposed that high substrate temperatures, which promote sufficiently rapid
surface diffusion, is important for the epitaxial growth in chemical vapor deposition
processes (26, 27). However, due to the metastable nature of the diamond film, a higher
substrate temperature has been believed to result in graphitic, ,arbon formation. This is in
part due to the failure of hydrogen termination of the outermost diamond lattice atoms (28)
at high temperatures. The limited availp' ty of atomic hydrogen in many CVD systems
makes the high temperature epitaxy difficult in many CVD processes. Thermal plasmas,
similar to flames, which can offer much more abundant atomic hydrogen compared to other
CVD systems, may overcome the shortage of surface terminating hydrogen and enable the
successful epitaxial diamond growth at high temperatures.

Results and Discussion

A series of homoepitaxial growth experiments have been performed on natural type Ila
diamond seed crystals. The top surface of the crys:als had either <100> or <110>
orientation. During half-hour long deposition at substrate temperatures ranging from 1,200
to 1,400 °C (±100 'C), one could observe the specular glint of plasma emissions reflecting
off the growing crystal faces after only 5 minutes. Scanning electron micrographs of
polyl-dral single crystals grown in 30 minutes on an approximately 1 mm diameter,
cylit Acally shaped (100) crystal at 1,230 1C and on (110) crystal at 1,300 °C are shown
in Fi-. 2a and 2c, respectively. Note the long range order and step morphology evident on
the top surface of the (100) crystal (Fig. 2b), and the vertical plate morphology on the top
surface of the (110) crystals (Fig. 2d). The step morphology has been observed at lower
temperatures by a number of researchers (29, 30), but the vertical plates observed on the
(110) diamond crystals have not been reported before, to our knowledge (although it is
common for epitaxy of other crystal systems (31)). If the growth on the (110) face
proceeds via a "zipper" growth mechanism (14), then the plates are probably aligned along
the <1 10> directions on the ( 110) face.

The Raman spectra of the crystals pictured in Fi3 . 2a and 2c are shown in Fig. 3.
Graphite and amorphous carbon peaks are absent in all the spectra, and the fluorescence
background is low over the entire surface of the (100) growth (curve a). The (110)
growth exhibited a significantly higher fluorescence background on the top corrugated face
(curve c) compared to the smooth side faces (curve b). The full width at half maximum
(FWHM) of the diamond peaks at 1332 cm-1 have been found to be 2.9 cm- 1 for the ( 100)
growth and 5.1 cm-1 for the side face of the (110) growth. A FWHM value of 5.4 cm-1

was obtained for tme top face of the (110) growth. For comparison, a FWHM of 2 - 3,3
cm "1 (14, 32) is common for natural diamond, and 2.6 cm"! (15) has been observed for
epitaxially deposited diamond in a oxygen-acetylene flame. Laue X-ray diffraction
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measurements have been performed on both crystals and they have confirmed the
monocrystalline and epitaxial nature with respect to the underlying seed crystals. A
measurement of the impurity levels in both crystals has been performed with an energy
dispersive X-ray analysis (EDX) technique. Low levels of copper have been observed in
the 1 110) growth, possibly due to contamination from the plasma torch electrodes.

Conclusion

A new high temperature epitaxy process (HTE) for growing macroscopic diamond
crystals has been demonstrated using thermal plasmas. The results have confirmed and
extended earlier reports of the HTE growth of diamond with an oxygen-acetylene flame.
One advantage of using plasma over a flame is the total flexibility of the reaction
environment. This will permit the use of cheaper fuels such as methane, and improve the
economics (33) of growing isotopically enriched, high thermal conductivity diamond (34)
using an HTE type process. The high growth rates achieved in plasma or flame processes
may prove to be vital for the economic feasibility.

Since only a small region of the parameter space of the deposition process has been
investigated, we anticipate further improvement of the observed results by optimizing the
process.
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Fig. 1: Schematic of the Triple Torch Plasma Reactor for the Epitaxial
Deposition of Diamond on Natural Type la Diamond Seed Crystals.

104



'al

C6

flu

101;



1332 1331
XIII € I/D

.M

0.084

C.M 1329

.4"a b
9.m I.M 1321

tw.# two .@ .05. 6 V.0

1333
4000,

4000,

1;901! . 0 -:t a ~ ,

Fig. 3: Raman Spectra of Epitaxlally
Grown Diamond (a) Corepoding to
Top Face of Fig. 2 (a); (b)
Corresponding to Side Smooth Face
of Fig. 2 (b); (c) Corresponding to
Top Face of Fig 2 (b).

106

.s,



EFFECTS OF PROCESS PARAMETERS ON
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Abstract

This study has been concerned with thermal plasma CVD of diamond
films using methane and hydrogen as precursors and taking several process
parameters into account. The properties of the diamond films, including
growth rates, growth direction, and crystal sizes are correlated with the
governing process parameters. Growth rates of up to 60 gmnhour have been
observed on a variety of substrate materials with an optimum pressure of
270 torr at substrate temperatures close to 1,000 OC.

Introduction

Thermal plasmas have been used for the deposition of diamond in recent years (1 - 10).
Because of the dramatically increased growth rates (11) compared to the hot filament or
non-thermal plasma CVD processes such as microwave plasmas, thermal plasma CVD
processes have attracted increasing attention. However, due to the diversity of the
experimental setups used by the different researchers, it is difficult to compare the
experimental data. We report the results of an investigation of effects of a number of
process parameters on the thermal plasma chemical vapor deposition of diamond. The
parameters include substrate material, substrate temperature, methane concentration,
process pressure, and the methods for substrate pre-treatment.

Experimental Setup and Conditions

Experiments have been performed in a Triple Torch Plasma Reactor (TIPR). which is
shown schematically in Fig. 1. Three coalescing plasma jets impinge on a water-cooled
substrate. Details of this arrangement are discussed elsewhere (9).

Common experimental conditions are summarized in Table 1.

Experimental Results and Discussion

a. Effect of Substrate Material

Diamond films have been deposited on various substrates including silicon,
molybdenum, tungsten, tantalum, titanium, nickel, palladium, copper, and stainless steel.
A typical diamond film is shown in Fig. 2 and corresponding X-ray diffraction pattern in
Fig. 3. On the metal substrates, both carbide forming and non-carbide forming, the
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deposition has been successful. However, the adhesion of diamond films to the substrate
usually is rather poor in case of metal substrates. Cracks (shown in Fig. 4) often develop
on the films. This is due to the large differences between the thermal expansion coefficients
of diamond and the metals.

Plasma torches (each): current: 300 amps; voltage: 40 - 45 volts;
Ar flow rate: 10 - 20 liters/min; H2 flow rate: 1 - 2 liters/min;

Process pressure: 100, 170, 270, 400, 760 torr
Gas feeding probe: H2 flow rate: 10 - 15 liters/min;

methane flow rate: 3.5, 5.0, 6.5, 10, and 40 % of the total H2
Substrate: Si, Mo, W, Ta, Ti, Pd, Ni, Cu, and stainless steel;
Pre-treatment for Si : unscratched or

scratched with 1 pam or 15 Lm grit diamond paste;
for metals: unscratched or
sand blasted, or scratched with 1 gm diamond;
substrates are cleaned with acetone or ethanol ultrasonically;

Substrate temperature: 800- 1200 OC;
Deposition time: 10 minutes to several hours.

Table 1: Typical Experit,.ntal Conditions during TTPR Operation.

b. Effect of Methane Concentration

The effect of gas composition is depicted in Fig. 6 showing four films deposited on
molybdenum substrates with progressively increased methane concentrations (3.5, 5.0,
6.5, and 10 %). The first three micrographs have been taken at the same magnification (x
2,500) for size comparison. Although the first three films show good crystallinity, there is
a noticeable difference in sizes of the constituent crystals in the films. The higher the
concentration, the smaller the crystal size. This is probably due to the increasing number of
secondary nucleations when the methane concentration is increased. The secondary
nucleations (shown in Fig. 5) on existing diamond facets prevent the existing crystals from
growing before daughter crystals start to form. When the methane concentration exceeds a
certain value, a large portion of the film starts to lose its crystallinity dramatically and
changes to large cauliflower-type balls with few facets left as shown in the Fig. 6 (d).

c. Effect of Substrate Temperature

A two-color pyrometer has been employed for temperature measurements. It has been
found that the substrate temperature has a pronounced effect on the morphology of the
growth surface of the diamond films. Figure 7 (a) shows a film grown on the 1,000 OC
substrate and Fig. 7 (b) 1,200 'C. It can be seen that when the substrate temperature is
lower most facets facing the growth surface are (111) triangles while when the temperaturr.
is higher the surface facets are (100) squares. This observation is in agreement with otlier
investigators' conclusion that at lower temperatures (111) faces dominate the crystailite
morphology and at higher temperatures (100) faces are predominant (reviewed it, n.ef. 12 -
14). It should be noticed that contradictory observations have also been reported (15).
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The coverage of the film is about 1.5 inches in diameter. The coverage is not uniform.
The growth rate exceeds 60 pgm/hour in the center and is about 25 pum/hour close to the
fringes. The quality also varies with good crystallinity in the center and ball-like grains
close to the edge.

d. Effect of Process Pressure

Figure 8 shows the relationship between the growth rate vs. pressure (in the range from
100 to 760 torr) at a substrate temperature around 1,000 *C and a methane concentration of
5 %. Among the pressures that have been tested, a pressure of 270 torr results in the
highest growth rates. This probably can be understood qualitatively as follows: When the
pressure of a plasma is high, the mean free paths of the particles in the plasma are short,
and frequent collisions bring the temperature of the heavy species - radicals, molecules,
atoms, and ions to about the same level as that of the electrons. When such a plasma is
quenched, as inside the boundary layer in front of a cooled substrate, the densities of active
species will be much higher than they would be in a thermodynamic equilibrium situation
because of the relatively slow chemical reactions. In other words, a deviation from
chemical equilibrium prevails. For the kinetically dominated metastable diamond growth
process, this deviation caused by quenching a thermal plasma is very beneficial.

If the active species arrive at the substrate surface within a much shorter time than their
life spans, as in the case of completely frozen chemical reactions, the situation existing
outside the boundary layer would be a very close description for the situation at the
substrate surface. However, the diffusion towards the surface requires time and some of
the active species vanish because of recombination. Although the high pressure is an
advantageous factor for being able to create a plasma with abundant active species because
of the equilibria between electrons and heavy particles, it may also cause an increased
number of recombinations preventing many active particles from arriving at the surface.
The result shown in Fig. 7 seems to suggest that there is an optimum pressure determined
by a balance between creating active particles and their survival. Surface recombination has
not been included in this calculation which may have a significant effect on the availability
of chemically active species for diamond growth. The optimum growth rate reported in
microwave plasma system has been 110 torr at 975 OC (15).

e. Effect of Substrate Pre-Treatment

There have been reports stating that by employing the thermal plasma CVD process,
this pre-treatment of the substrate might be eliminated (2, 5). We have investigated this
issue and have found that the necessity for the pre-treatment is material dependent.

Both unscratched and highly polished silicon wafers and scrptched silicon wafer. have
been used as substrates. To scratch the silicon wafers, both 1 pRm and 15 g m diamond
pastes have been used and it has been found that the nucleation density is greatly increased
by just several minutes of lapping. Even under thermal plasma conditions, the highly
polished silicon wafers do not give satisfatctory nucleation density and scratching of the
wafer does increase the nucleation density dramatically. This is illustrated in Fig. 9 which
shows the diamond nuc.eation on a partially scratched silicop wafer. It can be clearly seen
that the treated half, which is represented on the right part of the micrograph, shows a
much higher nucleation density compared to the untreated.
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However, for molybdenum, the diamond paste scratching has little effect on the initial
nucleation density. Continuous diamond films have been generated within about the same
time period no matter whether the metal was scratched or not with the diamond paste. This
is probably due to the polycrystalline nature and intrinsic imperfections at the metal surface
due to the sheet metal production process. For the molybdenum sheet pre-treated by sand
blasting with 325 mesh grit, the surface is very rough and diamond crystals seem to prefer
growing on the edges of the pits. Continuous films are difficult to form in this case because
of the great surface roughness as a result of sand blasting.

Conclusions

(1) Diamonds have been deposited on both carbide-forming materials such as silicon,
molybdenum, tungsten, and tantalum and non-carbide-forming materials such as
palladium, nickel, and copper. The adhesion of diamond films is generally poor on metal
substrates.

(2) It has been found that the methane concentration has a pronounced effects on the
size of the constituent diamond crystals in the film. The higher the concentration, the
smaller the grain size. This observation may be interpreted by the increased number of
secondary nucleations at increased methane concentration. When the methane concentration
exceeds a certain threshold, crystallinity vanishes and only cauliflower-type balls are
produced.

(3) It has been found that the substrate temperature affects the morphology and the
d;rection of growth of crystals and films. At low temperature, the growth surface is
dominated by (111) planes while at high temperature by (100) planes.

(4) The non-uniformity of the thermal plasma jets results in uneven deposition of the
diamond films across the substrate. The growth rate in the center portion is five times
higher than the growth rate in the fringes. The quality of the films also varies. The film in
the center is well faceted, but the film close to the fringes shows ball-like features.

(5) The process pressurt has been found to affect the growth rate of diamond films.
For the TTPR the optimum pressure is about 270 torr at a substrate temperature of 1,000
0C. Above or below that pressure, the deposition rates decrease.
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HIGH RATE DEPOSITION OF DIAMOND
USING LIQUID ORGANIC PRECURSORS IN

ATMOSPHERIC PLASMAS
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Abstract

High rate deposition of polycrystalline diamond films has been achieved
by sprayinig various liquid carbon-containing precursors against a thermal
plasma jet operating at atmospheric pressure. The precursors used include
(a) alcohols, (b) ketones, (c) halogeni:ed compounds, and (d) aromatic
compounds. High deposition rates of up to I mm/hour have been observed
with acetone and ethyl alcohol. X-ray diffraction results show that diamond
is the only crystalline phase present in the deposit. Scanning electron
microscopy reveals that the diamond films made from all previously
mentioned compounds are well faceted. Raman spectroscopy has confirmed
the phase purity of the diamond films.

Introduction

The many potential applications for diamond films continue to attract new developnents
of deposition processes. The majority of the diamond film deposition processes being
further developed are reduced pressure plasma assisted CVD processes (1 - 3). However,
for applications requiring high growth rates, thermal plasma CVD processes offer distinct
advantages: high dissociation rates of the carbon containing deposition precursor species in
conjunction with a high generation rate of atomic hydrogen which can lead to an abundance
of the species which are thought to be crucial for the diamond deposition process, and,
therefore, for high growth rates.

Both DC thermal plasmas and RF induction plasmas have been used for high rate
deposition of diamond films (4 - 9), and growth rates of up to 930 gm/hour have been
reported (5). Because of the high energy density in thermal plasmas, a large variety of
carbon containing precursors can be used for the deposition processes. Various organic
liquid precursors have been used successfully for the deposition of diamond films (10, 11),
and generally higher growth rates have been observed with these precursors (12 - 15)
compared to deposition from hydrocarbon precursors. In most cases, these liquid
compounds have been introduced into the deposition reactor in vapor form.

We report initial results of a systematic study of thermal plasma CVD of diamond with
a variety of liquid precursors which have been injected into the plasma jet as an atomized
liquid spray.
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Experimental Setup and Conditions

The DC plasma jet reactor used for these experiments is schematically illustrated in Fig.
1. The liquid precursor is fed into the plasma by a precision metered liquid pump connected
to a water cooled stainless steel injection tube. A hydrogen sheath gas is used to atomize the
liquid jet at the exit of the injection nozzle. The atomized mist is sprayed against the plasma
jet emanating from the plasma torch. The substrate (with a hole in the center to permit the
penetration of the precursor jet) is located about 3 - 5 cm from the exit of the nozzle of the
!lasma torch. The substrate temperature is monitored with a two color pyrometer. Table 1

sts typica experimental conditions. Ali experiments have been performed at atmospheric
pressure. In the experiments with halogen organic precursors, a wet scrubber is used for
neutralizing the hydrogen chloride (HCI) which is a by-product of the process.

Plasma torch: power: 16 kW (400 amps and 40 volts)
Ar flow rate: 24 1/mn
H2 flow rate: 1.2 //min

Pressure: 760 tort
Atomizing gas: H2 flow rate: 18 I/min
Precursors flow rate: 0.5 to 3.0 ml/min (depending on precursors)
Substrate: molybdenum and tungsten
Substrate temperature: - 1,000 0C
Deposition time: 10 to 60 minutes

Table 1: Experimental Conditions

The advantages of this counter-flow type arrangement for materials processing have
been reported by Paik et al (16). It has been found that the high energy content of thermal
plasmas, excellent mixing of the two jets, and favorable flow patterns enable a long
residence time of the precursor mist in this novel counter-flow thermal plasma reactor.

A number of organic liquid precursors have been used to synthesize diamonds. These
organics can be classified into four groups and are listed in Table 2. The flow rates of the
liquid organics are between 0.5 to 3.0 m//min. The flow rates for four compounds have
been converted into equivalent carbon input in terms of methane to hydrogen volumetric
ratio for a constant hydrogen flow rate. The results are shown in Fig. 2.

Results and Discussion

The diamond films have been analyzed routinely using scanning electron microscopy,
and selected films have been additionally analyzed using X-ray diffraction and Raman
spectroscopy. Figures 3, 4, and 5 show representative micrographs demonstrating specific
features of this deposition process. Figure 6 shows an X-ray diffraction pattern indicating
the match of the observed lines with the ASTM XRD standard for diamond. Figure 7
shows a Raman spectrum indicating complete sp3 bonding which is the diamond structure.
No graphitic or amorphous structures are detected in the Raman spectrum. However, the
fluorescence background is high at higher energies. From the SEM micrographs, the
following observations are made:
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Chemical Groups Liquid Precursors Chemical Formulas Density (g/mI)

alcohols methanol CH3 OH 0.793
ethanol CH3 CH2 OH 0.789
1-propanol CH3 CH2 CH2 OH 0.804
isopropyl alcohol (CH3)2 CH OH 0.785
1-butanol CH3 (CH2)3 OH 0.810

ketones acetone CH3 CO CH3  0.786
methyl ethyl ketone CH3 CH2 CO CH3  0.805

halogen compounds dichloromethane CH2C 2  1.325
chloroform CHC13  1.492
carbon tetrachloride C04 1.595

aromatic compound benzene C6H6  0.879

other compound cyclohexane C6H12  0.775

Table 2: Liquid Precursors Used for Diamond Synthesis

(1) Diamond films with clear facets have been obtained with all liquid organic precursors
which have been used. There has been no conclusive evidence about differences in
morphology with different precursors, although differences in growth rate have been
observed.

(2) The highest growth rates have been reproducibly observed with ethanol and acetone. At
present it is unclear if the chemical composition or the fluid properties are mainly
responsible for this effect. The molecular structure may lead to fragmentation and/or
recombination rates resulting in the most favorable mixture of radicals, whereas the fluid
properties may produce the optimal droplet size for the mass transport to the vicinity of the
substrate.

(3) The growth rates vary strongly with radial distance from the spray injection tube. Close
to the injection tube, a ring-shaped region with the highest growth rate has been observed.
During a one hour experiment using ethanol or acetone, a typical diamond film in this
region consists of an initial dense layer 100 to 500 p±m thick from which individual
columnar crystals grow (see Fig. 3) with very high growth rates (more than 1 mm/hour
have been observed). This ring of very high growth rate has a width of approximately 2
mm and is surrounded by a region in which film growth is more similar to that observed in
other thermal plasma vapor deposition experiments (see Fig. 4). The film thickness is
uniform over a region of 5 to 10 mm wide, and growth rates range from 50 to 100
Jtm/hour. Beyond this region, towards the edge of the 40 mm diameter substrate,
individual crystals are observed.
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(4) The very large crystals making up the columns in the high growth rate region show a
large number of defects. However, occasionally, under conditions of high carbon
concentrations and at higher than normal temperature, the columns are topped by very
distinct (100) planes (see Fig. 5). This observation indicates that under such conditions the
growth proceeds preferentially in directions other than <100>. This condition typically
precedes the formation of graphite which starts in the central portion of the substrate and
rapidly spreads towards the substrate fringes.

A qualitative explanation for these results can be provided if the temperature and flow
profiles in this reactor are considered. The substrate temperature drops continuously from
the central region to the rim. However, in the central region we expect the evaporation of
the droplets occurring very close to the substrate surface, thus providing the mixture of
radicals which is favored for high growth rates. We also have to consider that in thermal
plasma CVD, the surface beat fluxes are sufficiently high to allow a significant temperature
drop from the diamond film surface to the substrate interface (e.g. a 5 kW/cm2 heat flux
willresult in a temperature difference in the order of 100 *C for a 1 mm thick diamond
layer). Thus the growth conditions vary during the deposition process unless the deposition
parameters are changed.

Conclusion

The injection of atomized liquid sprays into a thermal plasma jet can lead to high
growth rates of diamond films. It is believed that mass transport in the form of liquid
droplets to a location very close to the substrate surface is responsible for this high growth
rate. All organic precursors have led to diamond film growth, however, the highest film
growth has been observed with acetone and ethanol. For films of 1 mm thickness, the
increase of the surface temperature during the deposition process has to be considered.
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Fig. 4: Typical Diamond Film Deposited on Molybdenum:
(a) Top View, and (b) Cross Sectional View.

Fig. 5: Diamond Deposied on Tungsten from Carbon Tetrachloride.
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ABSTRACT

Diamond nucleation was enhanced by the addition of powdered graphite
and non-volatile graphite-ike compounds to silicon substrates. In
addition, preferential nucleation of diamond was found along the edges
of the basal planes of highly oriented pyrolytic graphite. The (111)
diamond planes appear to be approximately parallel with the (0001)
graphite basal plane. Computer simulation confirms the enhanced
growth rate of multiply-twinned nuclei compared to un-twinned nuclei.The five- and twenty-fold twinned diamond crystals can arise from the
intersection of two and three stackin errors on non-parallel (111)planes. Molecular orbital studies confirm that atomic hydrogen can
hydrogenate aromatic molecules and the edges of graphite planes. Theresults are consistent with a nucleation mechanism in which high
molecular weight aromatic or graphitic precursors are hydrogenated to

~saturated ring compounds. The multiply-twinned, e.g., boat-boatconformers, which can rapidly add carbon aton(s, are the most likely
immediate precursor to diamond formation.

INTRODUCTION
It is now well established that diamond can nucleate from the vapor phase

without the presence of a pre-existing seed crystal. The de-novo nucleation of a
metastable phase in such a harsh growth environment is not easy to explain. It isalso well known that scratching the substrate prior to deposition greatly enhances
nucleation rates. This enhancement is greatest if diamond powder is used, but
other abrasives enhance nucleation, although to a lesser extent.

The mechanism by which scratching enhances nucleation rates is notunderstood in detail. Several effects may be oerating simultaneusly. These
include: 1) diamond detritus left on the surface, 2) pyrolysis of adsorbed
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hydrocarbons to high molecular weight, non-volatile graphitic structures, 3)
formation of convex edges and corners to which mass transfer from the gas phase
is more ;apid, 4) formation of defects, e.g., dislocations, at which nucleation is
enhanced. One might even advance the hypothesis that extreme local
temperatures and pressures obtained during scratching transform adsorbed
hydrocarbons into very small diamond crystallites.

Matsumoto and Matsui proposed a series of hydrocarbon cage compounds as
the diamond precursors (1). These included adamantane, tetracyclo-dodecane
and hexacyclopentadecane. Badziag et al. showed that very small hydrogen
terminated diamonds, less than 3 nm in diameter, are stable with respect to
graphitic nuclei of the same size (2). This implies that diamond nucleation in
hydrogen-rich environments may, in fact, be thermodynamically favored over
nucleation of polyaromatic hydrocarbons.

A class of compounds has been proposed by one of the investigators (JCA)
as possible precursors to diamond nucleation. These are the multiply twinned,
fully saturated polycyclic hydrocarbons. The simplest example is boat-boat
bicyclodecane. It was proposed that these and related molecules are formed by
the hydrogenation of unsaturated graphite-like deposits in the atomic-hydrogen
rich environment (3,4). A certain fraction of the hydrogenated polycyclic
compounds will have the multiply twinned structure that promotes rapid growth
of the nucleus. The compounds that are more closely related structurally to
diamond, e.g., adamantane and its derivatives, would not be expected to be
efficient nucleation promoters because they have no easy sites for atom addition.
The multiply twinned precursors, on the other hand, have re-entrant surfaces
which are continually renewed as growth proceeds. These reentrant surfaces
provide an efficient point for nucleation of new {111} layers. The structures of the
proposed precursors are shown in Figure 1.

NUCLEATION EXPERIMENTS

To test the hypothesis that graphitic-like structures are precursors to
diamond nucleation a series of seeding experiments were performed. In these
experiments a specific molecule or seed material is added to the substrate surface
before the deposition takes place. The nucleation density is determined by
scanning electron microscopy., The results, which are summarized in Table 1, are
still somewhat preliminary in nature, but do provide insights into the nature of
diamond nucleation.

Experimental Procedure

The diamond nucleation experiments were conducted in what are now
considered conventional hot-filament diamond deposition reactors. The reactor
at the MIT Lincoln Laboratory utilized tantalum filaments, while the CWRU
reactor employed tungsten filaments. In the latter reactor a shutter and a
rotating, translatable substrate holder were employed to provide reproducibility
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and uniformity of deposition conditions.

The filament was first turned on (- 2000"C) in flowing H2 (100 sccm at 20
Tort) with the shutter positioned between the tungsten filaments and substrate.
After 15 minutes the CH 4 flow (0.5 sccm) was started. After another 10 minutes
the shutter was removed and the substrate moved to within 0.8 cm of the
filaments. This procedure insured that adEorbed contamination from the
filaments did not reach the substrate during start-up. It also provided a
reproducible, carburized filament surface for each run. Total run time after
removal of the shutter was 7 hours. The estimated surface temperature of the
substrate was 830'C. The rotation speed of the substrate was 1/3 rpm
throughout the deposition.

All substrates were undoped (100) Si wafers. Before addition of seeding
agents, the wafers were given a standard RCA cleaning. Except for one control
sample, the wafers were not scratched or polished with diamond.

The nucleation densities were determined using a scanning electron
microscope. A representative area was examined and diamond crystals manually
counted. Only faceted crystals of approximately 1.0 Am in maximum linear
dimension were counted. This procedure gives only a relative nucleation density
since sub-micron particles were excluded.

Seeding Exueriments

Several species were found to have a positive effect on nucleation density.
This effect appears to arise from several factors including chemical structure and
relative volatility. The ability to form bonds with the substrate to reduce
volatility may also play a role.

Graphite powder and graphite-related compounds, i.e., 3,4,9,10 perylene
tetracarboxylic acid di-anhydride (PTCDA), enhanced nucleation rates. The
perylene derivative contains five condensed aromatic rings, and may be thought of
a- a partially oxidized fragment of a graphite sheet.

The PTCDA enhanced nucleation when it was physically spread on the
surface as a powder. A greater and more uniform nucleation density was achieved
when the perylene was dissolved in tetra methyl ammonium hydroxide (TMAH),
a standard etching solution for silicon. The wafer was soaked overnight in the
PTCDA/TMAH solution at room temperature. The wafer was removed from the
solution, rinsed lightly with methanol and placed in the deposition system. The
graphite flakes were dispersed in isopropanol and the wafer coated with the
resulting slurry. The isopropanol was allowed to dry and the wafer placed in the
deposition system.

It is not possible to unambiguously separate out all of the effects taking
place during these seeding experiments. For example, the TMAH solution alone
proved to be an effective seeding agent. We speculate that this effect may arise
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from Si-C or Si-O-C bonds formed between the TMAH and the silicon substrate.
The bound TMAH remains on the surface long enough to undergo graphitization
and subsequent hydrogenation.

Several experiments were performed to determine whether the enhanced
nucleation density was simply caused by an increased supply of carbon on the
surface, or whether the seed materials were acting as true nucleation agents. In
one experiment part of the wafer was covered with graphite particles and the
other part was not. A very sharp demarcation line between the region of high
nucleation density and the unseeded region was observed after the run. This
result is su~estive that the graphite flakes are acting as true nuclei. If the
graphite particles were acting solely as an additional source of carbon, the rapid
gas phase transport of carbon containing species would have caused greater
nucleation in the unseeded area.

A further test was obtained by measuring the relative orientations of the
graphite flakes and the diamonds that grew on them. Graphite flakes were
dispersed in acetone and spun onto a silicon substrate at 3000 rpm. This provided
a thin coating of HOPG flakes that were preferentially oriented with their basal
planes paralel to the substrate surface. The orientation of the flakes before
deposition and the orientation of the diamond crystals after deposition were
determined by .x-ray diffraction. The distribution of intensities is shown in
Figure 2. The (111) plaes of the diamond crystals are preferentially oriented in
the same plane as the (0001) basal planes of the graphite flakes. This suggests
that the graphite is serving as a true nucleation seed and not just as an additional
source of carbon.

Depositions were also performed on large pieces of highly oriented pyrolytic
graphite (HOPG). Greatly enhanced nucleation densities were found along the
edges of the basal planes.

A series of experiments were also conducted using the diamondlike
hydrocarbons as (a-C:H) seed materials. The diamonds grown using the
diamondlike films as seeds showed a ball-like morphology with very poorly
developed faceting and a weak Raman signal for diamond. On the other hand, the
diamonds grown under the same conditions using graphite as the seed were well
faceted and had a sharp, Raman line at 1332 cm' 1. It is surprising that the
diamond crystals are still influenced so strongly by the original substrate after
growing to micrometer-size dimensions.

One particularly interesting seed is buckminster fullerene, Coo. These
spherical molecules present no edges for attack by atomic hydrogen and therefore
would be expected to be less susceptible to hydrogenation and thus less likely to
serve as precursors for diamond nucleation. No enhancement in nucleation
density was found when Coo was used as the seed.

It was also observed that the nucleation density was the highest along the
convex corners of etched grooves on silicon substrates. We interpret this effect as
resulting from an enhanced carbon concentration on the exposed, convex corner
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TABLE 1. Nucleation Densities

SUBSTRATE NUCLEATION
DESCRIPTION DENSITY, CM-2

Untreated (100) Si wafer 8,500

Untreated (100) Si wafer 14,500

Diamondlike film (a-C:H) 4,700

Graphite powder 120,000

Highlyoriented pyrolytic
graphite (near edge) 220,000

3,4,9,10 perylene tetra-
carboxylic acid dianhydride 83,000

Buckminster fullerene 14,000

Scratched with diamond powder continuous film

because of the enhanced mass transfer of carbon from the gas phase. These sites
would first become supersaturated with carbon and hence would first provide
graphitic precursors which could be hydrogenated by the atomic hydrogen.

Atomic Force and Scanning Electron Microscoy

In some cases small hexagonally shaped platelets were observed using
scanning electron microscopy. Several of these, along with their Raman
spectrum, are shown in Figure 3. Similar hexagonally shaped platelets have been
observed by Tamor using scanning tunneling microscopy (5).

The mor' ology of diamond crystals was also studied by atomic force
microscopy (AFM). An example of a hexagonal platelet is shown in Figure 4a. In
some cases the AFM showed evidence of terraced crystals, which were much larger

* than other crystals in the same region on the surface. See Figure 4b. The terraced
crystals may have grown by a screw dislocation mechanism. However, no direct
observation of the presence of a screw dislocation by high resolution transmission
electron microscopy was attempted.

We speculate that the hexagonally shaped platelets arise from the growth of
nuclei with two (or more) parallel twin planes. A computer model of this type of
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crystal is shown in the next section.

MODELLING STUDIES

General Descrintion of Comnuter Program

We compare the observed morphologies of diamond crystals grown in the
laboratory to the morphologies of crystals grown" on the computer with known
stacking errors. Correlation of experimentally observed morphologies with
morphologies obtained with known atom addition rules on the computer can give
important clues about nucleation and growth mechanisms.

All carbon atoms are assumed to have tetrahedral, spi, coordination. An
ad-atom bonded once to the surface has limited rotational freedom about the
bond axis, i.e., its orientation can be either staggered or eclipsed. These two
orientations correspond respectively to chair or boat six-membered rings. The
eclipsed orientation (boat conformation) is a stacking error in the diamond-cubic
lattice. The relative probabilities of the staggered and eclipsed orientations can
be fixed by the program user. Also, if desired, stacking errors at specific points in
the precursor nucleus can be introduced.

The program makes provision for atom removal as well as atom addition.
The relative overall probability of atom removal can be adjusted so that it is less
than, equal to, or greater than the probability of atom addition. These three
conditions correspond to growth, equilibrium and evaporation of the crystallites.

A basic assumption of the modelling is that the atom,, addition and removal
events occur randomly on the crystal surface according to a Poisson process.
Multiple atom events are not normally allowed. It is possible, however, to
provide for simultaneous two-atom addition events. This is necessary, for
example, to simulate acetylene addition at step sites.

Several complex affects can arise from the interaction of stacking errors.
For example, some atoms that are not fully bonded to four other carbon atoms,
will be buried in the crystal as the simulation proceeds. These buried free bonds
must be automatically removed from the table which contains the free surface
bonds. Also, intersections of growth fronts arising from different stacking errors
will sometimes lead to bond distances and bond angles that are "close" but not
equal to the single carbon-carbon bond parameters. In this case, the program
permits a bond to be formed if the bond length and bond angles are within a
pre-iet range of values. The most common situation when this occurs is the
formation of five--membered rings.

Simulations were performed using several twinned and un-twinned

molecules as starting nuclei and various probabilities for stacking errors and for
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relative atom addition and removal rates. A general discussion of the method will
be given elsewhere (6). Here we describe some results of relevance to the present
experimental studies.

Flat, hexagonally shaped crystals arise naturally from nuclei with two
parallel stacking errors, e.g., the boat-boat bicyclodecanes shown in Figure la and
lb. A computer-grown crystal arising from this nucleus is shown in Figure 6.
The crystal shown in Figure 6 is, in fact, a thin crystal of Lonsdaleite (hexagonal
diamond) with the ABA... stacking sequence clearly visible. Also visible are
several adatoms starting the next layers on the large exposed crystal faces. These
adatoms have the staggered orientation and will give rise to a new layer of the
correct cubic diamond stacking. The probability of nucleating a new layer will
increase as the area of the hexagonal platelet increases. The net result, after much
longer simulations will be a crystallite of hexagonal shape but, apart for the initial
few layers, of the diamond cubic structure.

The rapid lateral growth of the original bicyclodecane nucleus into a
hexagonal pls.telet arises because of the relative probabilities chosen for atom
addition and removal. In this simulation, after chosing a surface site, the ratio of
the probability for removal of a single bonded carbon atom to the probability of
addition of a carbon atom to the surface site was 496/4. Also, atoms that are
bonded only once to the surface had a much higher probability for removal than
atoms that are bonded twice to the surface. Along the re-entrant surface defined
by the two parallel stacking errors, only two atoms are required to form a stable
structure. This is shown graphically in Figures la and 1b, where the first two
adatoms are shown. On a smooth (111) surface or on the basal plane of the
hexagonal crystal, however, the stable nucleus is a three atom bridge. The
probability of finding two carbon atoms adjacent to each other is much larger
than the three carbon atom process and, hence, the platelet will grow more
rapidly within the plane of the stacking errors than normal to the plane.

The relative growth rates of computer grown crystals starting from
boat-boat bicyclodecane, boat-boat-boat tricyclotetradecane and chair-chair
bicyclodecane (which has no stacking errors) are shown in Table 2. A dramatic
difference in growth rates of the twinned and un-twinned nuclei is evident.

Simulation runs were also performed with starting nuclei having forced
stacking errors on non-parallel (111) planes. Growth from the doubly-twinned
nucleus shown in Figure Ic gives rise to a decahedral crystal with apparent
five-fold symmetry. The resulting computer-grown crystal is shown in Figure 6.
The five-member rings at the center of the crystal closed according to the allowed
bond-length and bond-angle ranges specified initially. Closure of the bonds was
not achieved further from the center and the growth of a grain boundary between
two of the five sectors of the crystal is starting.

If a crystal is grown on the computer from a nucleus with three non-parallel
twin planes, an icosahedral crystal with twenty intersecting twin planes is
generated. A partially grown icosahedral crystal grown from such a nucleus is
shown in Figure 6c.
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TABLE 2. Growth Rate Simulations

PRECURSOR N+ N- AN RELATIVE GROWTH RATES

Two boatso 19,558 18,558 1,000 1.0

Three boatsb 12,823 11,823 1,000 1.457

Two chairsc 7,000 6,980 20 <0.01

N+ - Number of atom additions

N- = Number of atom removals

AN - Net atom additions

Note: After choice of surface site, the ratio of probabilities of removal of single
bonded atom to addition of an atom is 498/4.

a) boat-boat bicyclodecane (CloHs)

b) boat-boat-boat tricyclotetradecane (Cl 4H24)

c) chair-chair bicyclodecane (CloHIs)

The formation of ti e complex central cores of the five-fold and twenty-fold
twinned crystals often seen in vapor-grown diamond arises naturally during
growth from the sequential occurrence of two and three stacking errors
respectively. These stacking errors are propogated by layer growth and the
complex central core is formed where they intersect. This sequential process
appears far more likely than the spontaneous generation of the central core
structure from the reactiQn mixture.

MOLECULAR ORBITAL STUDIES

The mecaanism proposed above for diamond nucleation involves the
hydrogenation of graphitic materials to saturated polycyclic ring compounds. Gill
et al. (7) investigated the reaction of atomic hydrogen produced at a hot tungsten
filament with graphite, lamp black and diamond at 77 K. Gaseous carbon species
(Cl to C4) were produced and an unidentified higher molecular weight compound
was formed from graphite. Furthermore, graphite was found to be more reactive
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with atomic hydrogen than diamond. Rye studied the reaction of atomic
hydrogen with carbon film heid ai 340*C and identified a number of ring
compounds including cyclohexane, though methane was the major gaseous
hydrocarbon product (8).

Using the extended Hlickel method and a rigid cluster model for the
graphite sheet, Chen and Yang investigated the adsorption of a single H atom to

the basal plane and the (1010) and (1120) edges of graphite (9). They concluded
that only the edge planes can adsorb hydrogen. Su!W.equently, an and Yang used
the same theoretical technique and proposed i .aechanism for methane formation
from the reaction between atomic hydrogen a:ad the (1170) edge face (10). Other
theoretical investigations for H atom interact.on with graphite are limited to the
basal plane of graphite (11,12). All of these studies were done from the
perspective of understanding graphite etching.

In the present work, we have investigated the structures and stabilities for
the sequential addition of atomic hydrogen to benzene, naphthalene, and perylene
molecules to form the corresponding saturated ring systems. The semiempirical
atom superposition and electron delocalization molecular orbital (ASED-MO)
technique has been used for all calculations. Some preliminary results for the
chemisorption of atomic hydrogen to the edges and corners of a graphite sheet are
also presented. The C and H parameters used in the calculations are the same as
used earlier (13,14).

Addition of H Atoms to Benzene. Nanhthalene. and Perylene

Various configurations for the sequential addition of H atoms to benzene are
investigated with full structure optimizations. The binding energies are given in
Table 3, and structures are shown in Fig. 7. It may be seen that the first, third,
and fifth H addition is relatively weak compared with the second, fourth, and
sixth H addition. This is due to the formation of a destabilized radical orbital for
the odd-electron systems as shown in Fig. 8. The average binding energy per H
for complete hydrogenation is 4.40 eV. Our calculated energy difference between
the chair and boat conformers is 6.2 kcal/mole, with the chair form more stable
than the boat form. This compares well with the literature estimate of 5-6
kcal/mole.

The sequential addition of H atoms to naphthalene molecule is essentially
similar to the benzene hydrogenation, except that the H chemisorption
commences from the outer C atoms and proceeds inwards, until fully saturated
bicyclodecane is formed. The average binding energy per H atom on going from
naphthalene to the fully saturated bicyclodecane is 4.41 eV which is the same as
for the benzene hydrogenation. The structures and relative energies for various
conformers of bicyclodecane are in Table 4. The chair-chair bicyclodecane is
calculated to be more stable by 10.8 kcal/mole compared with the cis boat-boat
form which in turn is more stable than the trans boat-boat form by about
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TABLE 3. Sequential Binding Energies, BE(eV), for H Additions to
Benzene, i.e., Hn/-sHs (n = 1.-).

Configuration BE(eV)

Ist H - 2.80

2nd H 1,2 5.21

1,3 2.66

1,4 5.15

3rd H 1,2,3 3.68

1,2,4 2.93

4th H 1,2,3,4 5.46

1,2,4,5 1.88

5th H 1,2,3,4,5 3.25

6th H chair 5.99

boat 5.72

2.4 kcal/mole. The energy difference between the chair and boat forms of
bicyclodecane is approximately twice that for the cyclohexane. This suggests that
each saturated ring contributes about 5 to 6 kcal/mole to the energy difference
between the chair and boat conformers. Thus, based on these results, multiple
ring saturated systems are expected to be more stable in the all-chair
configuration than any combination of chairs and boats.

Next we consider the hydrogenation of perylene with atomic hydrogen.
This molecule (Fig. 9) may be imagined as two naphthalene molecules fused
together at 1,8 positions with the elimination of 4 H atoms and the formation of
two CC bonds. Hydrogen atom additions to this molecule were carried out in two
steps. In the first step, 10 H atoms were added to a naphthalene fragment
comprising half of the molecule while retaining the rigid planar structure for the
other half. All bond lengths and angles for the hydrogenated half were fully
optimized. The average binding energy per H addition for this step is 4.39 eV and
the favored chair-chair configuration is also shown in Fig. 9. The cis boat-boat
configuration (Fig. 9) is 0.47 eV less stable. In the second step, 10 more H atoms
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TABLE 4. Calculated CC and CH Bond Lengths and Relative Ene-gies for

Various Ring Isomers of Bicyclodecane.

Isomer rCC(A) rCH(k) E(eV)

Chair-chair 1.573 1.104 -0.573

Cia boat-boat 1.583 1.102 -0.106

Trans boat-boat 1.585 1.102 0.0

were added to the planar half of the molecule and all CC and CH bonds were
reoptimized using tetrahedral angles. The fully saturated structure is shown in
Fig. 9. The calculated average binding energy per H for the second step is 4.41
eV. Thus, the average CH bond strength for the hydrogenation of perylene to the
fully saturated multiple ring chair configuration is 4.40 eV, which is the same as
for similar reactions for benzene and naphthalene.

The above results for the reaction of atomic hydrogen with unsaturated ring
systems suggest that the formation of fully saturated analogues is favored in the
atomic hydrogen-rich environment. However, the actual outcome of such
processes will perhaps be determined by kinetic factors.

Interaction of H Atoms with Graphite Edges

A graphite sheet may be imagined as an extremely large unsaturated
hydrocarbon. The experiments of Rye have shown that atomic hydrogen reacts
with graphite even at 77 K to produce a variety of hydrocarbon species (8). The
mechanism of formation of such products is not known. The reaction of atomic
hydrogen with graphite is most likely to start at the edges and corners of the sheet
since these carbon atoms possess maximum un-saturation as well as the flexibility
for distorting the neighboring CC bonds as a result of increased coordination.

Using large cluster models (see Fig. 10) for the monohydrogen terminated
zigzag {10T0} and armchair {1120) edge faces for the graphite sheet, we have
investigated the binding of a second H atom to the outermost C atom on the edge
eite. The calculated CH bond strengths are 3.74 and 3.83 eV, respectively, for the
zigzag and armchair faces (calculated as the average value when two H atoms
were simultaneously added to two neighboring outermost C atoms on the edges).

Next, we have investigated the possibility of saturated ring formation from
the reaction of atomic hydrogen with a graphite sheet. On the zigzag face each
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hexagonal ring is bonded to five C atoms of the basal plane, whereas on the
armchair face there are four carbon bonds with the rest of the sheet. At the corner
between the zigzag and armchair faces the hexagonal ring is bonded to three C
atoms of the sheet and one can also imagine a corner ring with only two CC bonds
with the rest of the sheet. Lastly, a pendant benzene ring bonded to the graphite
sheet through one C atom is possible. Complete hydrogenation of a planar ring
will lead to large distortions resulting in a highly strained structure. The lesser
the coordination of a ring with the rest of the basal plane, the larger will be the
flexibility of the ring toward distortion. Thus the corners are more likely to form
fully saturated rings than the edges. We have considered one such corner for our
H addition calculations where the corner rinag is attached to the rest of the sheet
through two CC bonds (Fig. 11). In the first step we added 7 H atoms to the
outer C atoms of the corner ring. The structure of the ring and its immediate
vicinity was completely optimized. In the most stable structure, the corner ring
assumes the chair configuration (Fig. 11). The average binding energy per 1
atom is calculated to be 4.38 eV, which is about the same as for benzene or
naphthalene hydrogenation processes. Thus, the hexagonal ring bonded through
two C atoms to the graphite basal plane has essentially complete flexibility to
distort to the tetrahedral structure. Next, we added five more H atoms to the
neighboring C atoms and reoptimized the structure of th, two corner rings. The
two corner rings distort to the chair-chair bicyclodecane structure bonded to the
rest of the sheet through three CC bonds (Fig. 11). The average binding energy
for the second addition of H atoms is reduced to 3.93 eV. The decrease in the
bond strength is due to the fact that the second ring is bonded to the rest of the
sheet by three CC bonds which leads to larger strain due to distortion. Further
addition of H atoms may also be possible but we have not considered it in this
work. From the above calculations we may conclude that fully saturated multiple
ring systems can be formed on the corners of a graphite sheet.

We are presently investigating the H insertion reactions into the edge CC
bonds on the zigzag and armchair faces of graphite to devise mechanisms for the
formation of C, and higher hydrocarbons.

SUMMARY

The above results indicate that unsaturated aromatic (sp2) compounds and
graphite can serve as sites for diamond nucleation. In order to serve as a
nucleation site, the precursor must be sufficiently non-volatile and thermally
stable to remain in the reaction environment long enough to be hydrogenated to
the saturate., (sps) structures. In some cases the ability of a seed compound to
serve as a nucleation site may be enhanced by the formation of Si-C or Si-O-C
bonds with the surface, which would reduce volatility. 'he multiply twinned ring
compounds, e.g., boat-boat bicyclodecane, will grow most rapidly to achieve
small stable diamond crystallites.
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DIAMOND SEEDED FROM GRAPHITE
bW

ANGLE (dog)

Figure 1. Four "boat-boat" Figure 2. Distribution of x-ray
conformers of bicyclodecane. intensities from oriented graphite
Positions of first two ad-atoms are seed crystals and from diamond
shown as dashed lines, a) and b) crystals grown on the seeds. The
conformers with two parallel twin original graphite seeds show a
planes, c) conformer with two twin strong (0001) texture and the
planes at angle of 70'53', d) diamond crystals show a strong
conformer that leads to an (111) texture.
incoherent boundary.

150 1200 1250

Figure 3. Scanning electron micrograph of a cluster of hexagonally
shaped diamond crystals along with their associated Raman spectrum.
Maximum linear dimension of the large platelets is approximately 4 /m;
Raman peak at 1331.1 cm-1.
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Figure 4. a) Atomic force micrograph of a single hexagonally shaped
diamond platelet. Maximum linear dimension is approximately 30 pm;
b) Atomic force micrograph of diamond crystals showing terraced
morphology. Maximum linear dimension is approximately 4 pm.

Figure 5. Top and side views of an
hexagonally shaped platelet grown
from a boat-boat bicyclodecane
nucleus, shown in Figure la.

i a /bc

Figure 6. a) and b) Top and side views of a decahedral, five-fold
twinned crystal grown from a nucleus with two stacking errors inclined
at 7053'. See Figure Ic; c) A partially grown icosahedral crystal
arising from a nucleus with three intersecting stacking errors.
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Figure 8. Energy levels for structures shown in Figure 7.
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Figure 9. Perylene, the chair and
boat conformers of partially
hydrogenated perylene, and fully
hydrogenated perylene.

Figure 10. Cluster models for
monohydrogen terminated edges of
graphite.

Figure 11. Successive
hydrogenation of a corner of a
graphite sheet.
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MOLECULAR PROCESS1S IN DIAMOND FORMATION

Michael Frenklach
Department of Materials Science and Engineering

The Pennsylvania State University
University Park, PA 16802

Diamond formation in gas-activated deposition processes is discussed in
terms of elementary chemical processes. The discussion is based on a
recently developed detailed kinetic model. The model does not support
the theory of preferential etching advanced to explain the kinetic
competition between diamond and non-diamond phases, but instead,
establishes the critical role of aromatics condensation and interconversion
of sp2 and sp3 carbon phases mediated by hydrogen atoms.

INTRODUCTION

Diamond film deposition at low pressures is rapidly moving towards technological
applications. Most challenging applications among them - heteroepitaxial deposition of
single-crystal films, low-temperature deposition of high quality films, and high-rate-
high-quality film growth - require a more thorough understanding of the fundamental
processes governing the process. Several macroscopic approaches - phenomenological,
thermodynamic, and those based on classical nucleation theory - have been used in the
past and new microscopic descriptions begin to appear. A detailed review of the pre-
1990 theories and models of nucleation and growth of diamond films was given recently
elsewhere (1). The objective here is to discuss the principal mechanistic issues of
diamond chemical vapor deposition (CVD) in terms of elementary phenomena and to
present some new results on the subject.

ETCHING THEORY OF DIAMOND CVD

Diamond is a metastable form of carbon with respect to graphite at low pressures.
This manifests itself in that the growth of graphite (more generally, sp2 carbon) always
accompanies the growth of diamond, and this co-deposition is what presents the principal
technological difficulty. Russian scientists (2) provided a persuasive argument that the
competition between diamond and graphite growth is controlled by kinetics and not
thermodynamics. The kinetic factor was suggested (2-4) to be the preferential etching of
graphite over diamond by hydrogen atoms: both diamond and graphite are formed
simultaneously but graphite (or, more generally, graphitic component) is destroyed by
reactions with H atoms whereas diamond is not, or at least not to the same extent.
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AROATICS TEORY OF DIAMOND CVD

The preferential etching theory has been recently challenged. Analyzing why micron-
an-hour deposition rates of diamond were obtained only when a large excess of hydrogen
was employed, it was suggested (5) that it is not necessarily due to hydrogen atoms, but
rather due to the large concentration of hydrogen molecules which suppress the
formation of aromatic species in the gas phase thereby preventing their condensation on
the growing surface. That is, along with molecular precursors for diamond growth, gas-
phase reactions produce higher molecular weight compounds. Among them are
particularly stable and "sticky"' aromatic hydrocarbons, the smallest of them being
benzene. When present in the deposition zone, these aromatic species condense on the
growing surface thereby covering the diamond sp3 carbon with s92 carbon phases.

This proposal was further supported by a subsequent detailed kinetic modeling study
(6), where the entire deposition process - gas-phase reactions occurring in the activated
gas above the deposition surface, diffusion of chemical species to the deposition surface,
and reactions occurring on the growing surface by which the diamond growth takes place
- was described, for the first time, in elementary terms. The development of this model
was based on the postulate, first suggested several years ago (5,7,8), that chemical
reactivity of solid carbonaceous materials is localized on the carbon sites in a manner
similar to that of the corresponding hydrocarbon gaseous species. In other words, the
kinetics of analogous elementary chemical reactions on a per site basis is the same for all
forms of carbon. Following this assumption, specific surface reactions for diamond sp3

and non-diamond sp2 surface sites were postulated and corresponding rate parameters
evaluated (6). The model was tested by simulating diamond film deposition in a hot-
filament reactor and was found to correctly predict the concentrations of major gaseous
species and to reproduce the general experimental trends observed for the growth rate and
film quality: the effects of temperature, pressure, initial methane concentration, and the
addition of oxygen. At temperatures of diamond deposition, the model predicted that the
rate of gasification of sp2 carbon by H atoms is much too slow compared to the rates of
other processes. The slow rate of sp2 gasification may be further supported by a recent
molecular-dynamic study of Brenner et al (9), which showed no formation of
hydrocarbon fragments upon H-atom attacks on diamond surfaces.

Principal mechanIsm and kinetics of diamond growth

Analysis of the computational results in Ref. (6) revealed the existence of three basic
factors governing the deposition process: epitaxial growth of diamond, diamond surface
graphitization, and condensation of aromatics on the growing surface.

The principal growth of diamond occurs by the formation of an active site - a
surface carbon sp3 radical - followed by the addition of a carbonaceous gaseous species,
referred to as the growth species, to the surface radical formed. The number density of
the surface radicals is determined primarily by the balance between the following
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reactions: abstraction of hydrogen atoms from the surface C-H bonds, denoted here as
CdH, by gaseous hydrogen atoms thereby producing the surface radicals, denoted by Cdo,

CdH + H - Cd + H2; (1)

the reverse of this reaction,

Cd + H2 - CdH + H; (-1)

combination of the surface radicals with free gaseous hydrogen atoms,

Cd + H - CdH; (2)

addition of the growth species to the surface radicals,

Cd' + CnHm 4 products; (3)

and thermal decomposition of the surface radicals (and its reverse),

Cd' - CgH + H, (4)

where CgH denotes an sp2-hybridized carbon site. Assuming a steady state for Cde, we
obtain

,2 k1 [H]
ZCd - k.lI[H 2] + k2[H] + k3[CnHm] + k4 ZCdH, (5)

where Z denotes the number density of the corresponding surface sites, square brackets
the concentrations of gaseous species, and k the rate coefficients of the corresponding
reactions.

Under typical deposition conditions, the term k2[H] dominates the denominator of
Eq. (5), which leads therefore to expression

XCd = k2, CdH. (6)

From Eq. (6) follows that the number of available surface radicals Cd' increases with
temperature because reaction (1) has a substantial activation energy whereas reaction (2)
does not. Another important prediction of Eq. (6) is that the number density of surface
active sites, and hence the rate of diamond growth, should not depend on the gas-phase
concentration of hydrogen atoms. We expect this behavior in the main growth regime
under typical deposition conditions: hot-filament or thermal-plasma reactors, highly
diluted in hydrogen hydrocarbon mixtures, about 800 to 1000 C substrate temperature,
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and large superequilibrium of H atoms. In the deficit of hydrogen etoms, the term
k-l[H2] becomes dominant and then

XCd 'M kl[H] XCdH = KI [H2 XCdH (7)

where K1 is the equilibrium constant of reaction (1). That is, under these conditions, the
number density of active sites is determined by the "equilibrium position" of reaction (1)
and hence by the concentration of H atoms.

With the increase in the substrate temperatures, the rate coefficient of reaction (4) is
rapidly increasing, reaching a point when k4 dominates the denominator of Eq. (5). Thus,
at these high temperatures, the thermodynamic stability of Cd* radicals becomes the
limiting kinetic factor, the sp3-hybridized Cd. sites decompose forming an sp2 graphitic
phase. And the latter is gasified (etched) by reactions with hydrogen atoms.

At low substrate temperatures, the condensation of benzene from the gas phase onto
the growing surface competes with the growth of diamond by covering the available sp3

diamond sites, i.e., decreasing XcdH. The condensing aromatic molecules are presumably
converted, by thermal decomposition or by the addition of hydrogen atoms, into an
amorphous sp2/sp3 carbonaceous network.

Major experimental trends

The model discussed above offers the following explanations for the trends observed
in experiments:

GAS ACTIVATION: Without activating the gas by thermal, plasma or other energetic
sources, the concentration of H atoms is low and hence the number density of active sites
and consequently the film growth rate are low.

SUBSTRATE TEMPERATURE: At low temperatures, the formation of active sites is
slow as it is limited by the low rate of reaction (1). With the increase in temperature, this
rate is increased. However, at high enough temperatures, the number density of active
sites decreases due to their thermal decomposition and graphitization. The sp2 carbon
formed at these high temperatures is rapidly etched away by hydrogen atoms. These
phenomena explain the bell-shaped dependence of the film growth rate on substrate
temperature. The diamond film quality is predicted to be the highest at temperatures of
the peak deposition rate. At higher substrate temperatures, when graphitization occurs,
the film should contain increasingly large amounts of graphitic component; and at lower
substrate temperatures, the condensation of benzene leads to an amorphous sp2/sp3

carbonaceous network.
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ROLE OF HYDROGEN: There are two main roles that hydrogen plays. First, molecular
hydrogen suppresses the formation of aromatics in the gas-phase; and second, the atomic
hydrogen activates the surface by the H-abstraction, reaction (1), thus creating surface
radicals. Also important are the combination of H atoms with the surface radicals, and
addition of H atoms to unsaturated carbon-carbon bonds thereby converting aromatics
into amorphous carbon at low temperatures and gasifying graphite at high temperatures.

INITIAL HYDROCARBON CONCENTRATION: The main factors affecting the
deposition characteristics with the increase in the initial hydrocarbon concentration are:
higher concentrations of the film growth species and therefore larger film growth rates in
highly diluted mixtures; increased formation of aromatics which reduces the film quality;
and lower H atom concentrations that, among other things (6,10), shifts the peak of the
deposition rate to higher substrate temperatures. For a fixed deposition temperature, at
low initial CH4 concentrations, the deposited film consists of diamond. At higher
methane concentrations, when benzene condensation catches up with diamond deposition,
the film begins to contain amorphous carbon, formed by the H addition to benzene
condensed on the surface. At even higher methane concentrations, as the sp2-sp 3

transformation by the H addition can no longer follow the benzene condensation, the
depositing film should consist of predominantly graphite.

EFFECT OF PRESSURE: The effect of pressure on diamond deposition is essentially
the concentration effect: the absolute concentrations of the key hydrocarbon species are
increased with the increase in pressure, thus following the phenomena described in the
point above.

ADDITION OF OXYGEN-, The addition of small amounts of oxygen does not
necessarily increase the deposition rate of diamond but substantially improves the film
quality, especially at low temperatures. This improvement in film quality results from the
decrease in the concentration of benzene, caused by the oxidation of key hydrocarbon
precursors in the gas phase, and gasification (etching) of sp2 surface carbon by OH
-adicals.

Improved deposition' of diamond

Our model suggests two factors for improvement in deposition characteristics of
diamond films at lower substrate temperatures: a higher temperature gradient and a larger
concentrations of OH in the deposition zone. The high gas temperatures in the deposition
zone prevent the formation of aromatics in the gas phase, and the OH radicals remove the
non-diamond sp2 component from the growing surface. These factors should improve the
quality of diamond films but not necessarily increase the deposition rate of diamond. A
possible strategy for increasing the rate of diamond film deposition is to separate the
growth and etching processes by a cyclic operation, in which after a period of growth, the
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non-diamond component is removed by oxidation (11), as first suggested by the Russian

scientists (2).

Effect of florine on diamond growth

The presence of halogens in the reaction system is known to promote the production
of various forms of solid carbon [see, e.g., Refs. (12-14) and references cited therein].
Of particular interest are the recent results of Patterson et al. (14) who reported deposition
of diamond films at substrate temperatures as low as 250 'C and relatively mild gas
activation when florine was added to the mixture. These observations can be rationalized
by the abstraction of the surface H atoms by gaseous F atoms,

CdH + F - Cd + HF. (8)

The rate coefficient of this reaction is likely to be substantially larger and essentially
temperature independent by comparison to reaction (1), as evidenced by analogy to
known gas-phase reactions (see Fig. 1). Thus, the presence of F atoms will lead to an
increased activation of surface, especially at low temperatures. An additional factor
affecting the deposition characteristics may be the preferential etching of s9 component
by F atoms, as suggested by Patterson eta/. (14).

T CC)
900 700 500 300I I II

F+.CH 4 - HF+CH3

10 12

+ 4  2 3

10
8

0,8 1.0 1.2 1.4 1.6 1.8 2.0
103/T (K-')

Figure 1. Comparison of rate coefficients of the F- and H-abstractions by

hydrogen atoms; the data are from Ref. (15) and (16), respectively.
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THE GROWTH SPECIES

It should be noted that the above discussion did not invoke a specific growth species.
Assuming the growth species to be either C2H2 or CH3, the two most likely candidates at
typical deposition conditions, would predict the same qualitative trends and produce in
both cases near quantitative agreement with experiment for an appropriate choice of rate
parameters. However, as the controversy over C2H2-versus-CH3 mountzs, it is pertinent
here to examine the criticism advanced against the acetylene hypothesis.

Experimental arguments

MARTIN AND CO-WORKERS (17) have synthesized diamond films in a flow tube
reactor in which hydrocarbon was added downstream from a microwave discharge in
10%H2-Ar mixtures. They reported that more diamond is formed and of higher quality
when methane is used as the initial hydrocarbon compared to acetylene. They concluded
therefore that methyl radicals and possibly methane are more effective diamond
precursors than acetylene.

However, starting with acetylene should not necessarily be a better environment for
diamond growth in Martin et al.'s experimental system because at high acetylene
concentrations the production of benzene is increased and this, according to the aromatics
theory of diamond CVD presented here, suppresses diamond deposition. It should be
noted that while the growth rate of diam( 'd is first order in acetylene concentration, the
formation rate of aromatics in the gas phase is second to third order in the concentration
of acetylene. Therefore, increasing acetylene concentration should tilt the kinetic
competition towards production of aromatics, and hence away from the growth of
diamond.

CHU ETAL. (18) presented a clever idea of diamond deposition from a mixture of
isotope-labeled hydrocarbons. They used a hot-filament technique; though, their reactor
was different from those typically used in diamond chemical vapor deposition. Only
hydrogen gas was sent through the hot filament region and the hydrocarbons, mixed in
hydrogen, were injected into post-filament stream near the substrate. The hydrocarbons
were 13C-I and 12C2H2, mixed in the molar ratio of 2 to 1, whereby creating a gaseous
environment containing equal amounts of 13C and 12C atoms. Comparing the isotopic
ratios of the deposited film with those of the gas-phase species, Chu Ct al. arrived at a
conclusion that methyl radical is the dominant growth precursor.

However, in their experiments only methane and acetylene could be analyzed, and the
concentration as well as the isotope ratio of methyl radicals - the critical data for their
conclusion - were deduced through a series of highly-questionable assumptions. For
example, one of the key assumptions is that "13C2H2 and 12,13C2H2 remain in
quasiequilibrium with 13CH3 and 12CH3 even though the latter species are not in
equilibrium with 13CH4 and 12C2H2, respectively" (18). Supposing that the kinetics and
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thermodynamics of the 13C-labcled hydrocarbons is about the same as those of their
nonlabeled analogs, as Chu et al. also accepted in their analysis, the assumption that
13C2H2 is in equilibrium with 13CH 3 and 1201 3C2H2 in equilibrium with 13CH3 and
12CH3 is inconsistent with the assumption that 12C2H2 is not in the same state of
equilibrium with 12CH3.

Actually, it is very unlikely that an equilibrium between methyl radicals and acetylene
molecules in the deposition zone is attained at all. This is exemplified in Fig. 2, which
depicts the results obtained in detailed calculations performed for a typical hot-filament
reactor (6). As can be seen in this figure, the products-to-reactants ratio for CH3 + CH3

C2H 2 + 2H2 is removed by about five orders of magnitude from the equilibrium.

Making a different assumption that methyl radicals are in partial equilibrium with
methane molecules via reaction CM4 + H4 CH3.+ H2, leads to a conclusion that methyl
radicals and acetylene molecules contribute about equally to the growth of diamond [see
also Ref. (1)]. However, the above reaction is not exactly in the state of partial
equilibrium at temperatures below about 1200 K (see Fig. 2), i.e., at the Chu et al.'s
reaction temperatures.

Another viable possibility for isotope exchange in the system is through formation of
C3Hx species, e.g.,

-,"t 0_2 [it

--

0. -4 
2VCU) 10 "22t

10 -6[ . . . . , , , I , ,. . . .--

750 1000 1250 1500

Temperature (K)

Figure 2. Disequilibrium ratios calculated for CH4 + H = CH3 + H2 and
CH3 + CH3 = C2H2 + 2H2 at the conditions modeled in Ref. 6.
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13CH3 + 12C2H2  . 13CH3-1 2CE1 2CH + H

U
13CH2=n1C=12CH2

12,13C2H2 + 12CH3  . 13CH---12C-12-H 3 + H.

Assuming parlial equilibrium and neglecting the isotope effect on the reaction rates, the
concentrations of the methyl and acetylene isotopes can be related by

2[ 13CH3] [1'2C2H2] = [12CH3] [12, 13C2H2], (9)

where the factor of 2 on the left-hand side of Eq. (9) appears due to the symmetry of
H-12C-12C-H versus the lack of such for H-12C- 3C-H. Analogously, for reactions
between 12CH3 and 13C2H2, the following relationship is derived

2[12CH3] [ 13C2H2] = [13CH3] [12,13C2H2].. (10)

From Eqs. (9) and (10), we obtain

I12,13C2H2] = 2 [12C2H2] [13C2H2] (ii)
and

[13CH] [ 3C211/ 2C2H2] . (12)

[12CH3] =

Upon substitution of the experimental values from Ref. 18 of 0.53 and 0.18 for the
fractions of 12C2H2 and 13C2H2 in the gaseous acetylene molecules, respecuvely, the
fraction of 13CH 3 in the methyl radicals, is calculated by Eq. (12) equal to 0.37. This
would imply that the 13C fraction of methyl radicals is about the same as the 13C fraction
of the acetylene molecules, 0.32 -0.35, and both being lower than the fraction of 13C in
the deposited film, 0.50-0.51, A possible explanation of this difference may be that the
gas sampled by the probe does not have the same composition as the gas in the diamond
deposition zone. However, the fraction of 12,1 3C2H2 calculated according to Eq. (11)
results in a value of 0.62, much higher than its experimental counterpart, 0.29, which
i:.dicates that the partial equilibria expressed by Eqs. (9) and (10) are not attained.

It is thus demonstrated that the data collected by Chu et al. (18) on isotope ratios of
methyl r-"icals, acetylene molecules, an'l diamond films are inconclusive without direct
measurements of the isotope composition of CH3.
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Theoretical and computational arguments

Our detailed-kinetic (6) and quantum-chemical analyses (19) indicated that the main
growth under the conditions typical of diamond hot-filament and plasma reactors is
dominated by the addition of acetylene molecules to surface radical sites, created by the
H-abstraction on microscopic surface steps, kinks and ledges The growth by other
species - methyl, ethyl, ethylene and vinyl - was computed to be much slower.

"Common-sense" arguments that adding one carbon at a time or that the growth
species must be radical in nature have been refuted by the results of a quantum-chemical
study (19) showing that diamond growth by the addition reaction of acetylene, a
nonradical species with two carbon atoms, is favorable on energetic grounds. This result
was confirmed by Mehandru and Anderson (20). Another frequently expressed opinion is
that the growth of (111) diamond can be explained by one or two carbon-atom species but
the growth of (100) diamond can be accommodated only by a one-carbon-atom species.
It should be noted however, that both surfaces are not smooth on the atomic scale, and
therefore their growth can be envisioned by either growth species. In other words, the
morphology of diamond films alone cannot serve as an indicator of the precise nature of
the growth species.

A counter-argument against the acetylene hypothesis was recently expressed by
Harris (21), who argues that the energetic advantage of the acetylene-addition reaction
step is counterbalanced by the decrease in entropy, making the reverse direction -
decomposition of the surface complex forming during the reaction - more favorable at
temperatures of diamond growth. His argument is founded on the principle of detailed
balancing, which states that the ratio of the forward and reverse rate coefficients is equal
to the equilibrium constant. The latter was estimated based on ideal-gas-law and ideal-
mixture assumptions. However, it is not clear to what extent the principle of detailed
balancing can be applicable to a chemically-activated gas-surface reaction as a whole, and
whethf.r acetylene activity, the actual property required in the calculation of the
equilibrium constant for the acetylene-addition reaction, can be replaced by the partial
pressure of acetylene in the gas phase. Although the answers to these questions cannot be
given at the present state of knowledge, there is an evidence supporting our hypothesis:
assuming the change in the Gibbs free energy at 1200 K equal 1.1 kcal/mol, as estimated
by Harris (21), we calculate that (111) diamond should be etched with the rate of 80
gm/h! This clearly disagrees with available experimental facts, thus indicating that the
reverse rate of our proposed acetylene addition should be much lower than the rate
suggested by Harris.

As an alternative, Harris (22) proposed a CH3-based mechanism, and most recently
Goodwin (23) reported that this mechanism can quantitatively account for diamond
growth rate in hot-filament, flame and arcjet environments. However, as discussed earlier
in the text, any methyl or acetylene based reaction mechanism would be capable of
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similar predictions upon appropriate choice of rate parameters, and certainly calculations
with only one of the possible mechanisms does not prove its dominance or uniqueness.

Furthermore, the numerical predictions of the Harris' mechanism may be lower than
reported. The reaction rate formalism and the rate coefficient values of Ref. 22 (and used
also in Ref. 23) are those of the gas-phase reaction kinetics. We recalculated these rate
coefficients, following the formalism that expresses the postulate of the chemical
similarity, i.e., using Eq. (5) in Ref. (6) [see (24)]. Simulating then diamond growth for
the conditions of a hot-filament reactor with the Harris' mechanism but using the
recalculated rate coefficients and treating the growth kinetics by a Monte Carlo algorithm
which properly accounts for the formation frequency of adjacent surface radical sites, the
growth rate of diamond was calculated to be 0.01 gm/h, in contrast to the experimental
values of 0.1 to 1.0 pm/h. Taking into account the repulsion between methyl groups
should lower the calculated value further, by one to two orders of magnitude.

CONCLUDING REMARKS

Summarizing the above discussion, not only that there is presently no evidence
disproving the acetylene hypothesis, but there is also no evidence to claim that methyl
radical is a more efficient growth species than acetylene. At the same time, the results of
theoretical and modeling studies comparing the two growth species on similar grounds
favor acetylene. It does not however imply that methyl radicals do not or cannot play a
role in diamond CVD. On the contrary, the reaction sequence comprised of addition of
CH3 to a surface radical, abstraction of an H atom from this chemisorbed CH3, and
addition of C2H2 to the radical formed was suggested by us (8) to be a likely nucleation
step in homoepitaxial diamond deposition. Subsequent kinetic analysis (6) showed that
this process is the second fastest under typical hot-filament deposition conditions, being
slower than the acetylene-addition reaction by merely one to two orders of magnitude.
This means that the presence of some amount of CH3 is necesy for epitaxial growth of
diamond, and if the CH3-to-C 2H2 concentration ratio is substantially increased, as
probably achieved in the experiments of Martin and Hill (17) and Chu et al. (18), the
growth by CH3-driven reactions may become more prominent. Obviously, when other
reactive chemical species are present in substantial concentrations, such as C atoms in
arcjet reactors [see e.g. (23)], they may contribute to and even dominate the growth of
diamond.
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MOLECULAR BEAM EPITAXY OF DIAMOND WITH CARBON
ATOMS ID: A THEORETICAL EXPERIMENT

BASED ON QUANTUM CHEMISTRY

M. Tsuda, S. Oikawa, C. Sekine, and S. Furukawa
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Faculty of Pharmaceutical Sciences
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Chiba 260, JAPAN

A mechanism of the diamond synthesis in hydrocarbon plasmas were
investigated in the case where carbon atoms in the lowest singlet state ID are
the reactive species and the epitaxial growth takes place on the (001)
surfaces. The results obtained are as follows: (i) Two types of the SB step
are generated in the SB step growth; i.e., the SB step type I and SB step type
II. ii) The SB step growth is the dimer row growth. The dimer row on the
(001) surface grows independently. This situation explains the ragged line
of the SB step. iii) The SA step growth is a complex process. It is initiated
by the nucleation at the SA step edge and followed by the dimer row
propagation. iv) The nucleus is a dimer which has the reactivity like a a-
type dangling bond which propagates a dimer row to the both sides of the
nucleus along the SA step edge. This situation explains the straight line of
the SA step. v) The propagation process of the dimer row in the SA step
growth follows exactly the same mechanism as the SB step growth does.

1. Introduction

There is no report on the experiment of molecular beam epitaxy(MBE) of diamond.
However, an imaginary experiment on MBE of diamond by means of the method of
quantum chemistry is able to be carried out prior to a real expe-ment since Schr6dinger
equation is written even on imaginary materials and imaginary reaction systems. Such a
rosearch as presented here will give theoretical predictions of results which may be
obtained by real experiments.

In this paper, elementary processes of MBE of diamond with carbon atoms in the
lowest singlet state ID were investigated on reconstructed (001) surfaces. There is an
intimate relationship between this theoretical research and real experiments of
homoepitaxial growth of diamond crystals by chemical vapor depositions (CVD) in the
following points. One is that carbon atoms in the lowest singlet state ID may be produced
by decompositions of CH4 molecules in CH4 plasmas, which are used for diamond
syntheses, in the the similar manner that Si(ID) atoms are generated in Sill4 plasmas
which has been proved already [1, 2]. A carbon atom in the lowest singlet state ID may
have a long life time as observed in the case of Si(ID)[2] or ortho-He(3He), although the
ground state of a carbon atom is the triplet one. Another point is that the (2x1)
reconstructed structures were observed by the scanning tunneling microscope(STM)
experiments on (001) surfaces of diamond crystals produced in C- 4 plasmas. The two
types of steps, SA and SB named by Chadi on reconstructed Si(001) surfaces[l 1] were
clearly observed on the diamond(001) surfaces[31.
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There are many reactive species which are the candidates of the ultimate species for the
diamond crystal growth in CH4 plasmas; i.e. 2CH3, 1CH2, 3CH2, 2CH, 4CH, C(ID),
C(3P). These neutral species are important than the ionic, the excited or the secondary
generated species because of their higher concentrations. Since the real mechanism of
diamond formations in CVD processes is not established yet, all the possibilities must be
investigated on these reactive species. The author have proposed a diamond formation
mechanism where a methyl radical .CH3 contributes as the ultimate species to the epitaxial
growth of diamond[4, 5]. However, this mechanism does not exclude another mechanism
where other reactive species than a methyl radical serves as the ultimate species.

In this paper, we tried to construct one of other diamond formation mechanisms where
the ultimate species is C(ID) atoms. Successful results were obtained and will be
described here.

2. Method

The Schrtdinger equation on a reaction system was solved by ab initio molecular
orbital(MO) method[6]. On large reaction systems, a semiempirical MO method with
MNDO approximation[7] was used. Chemical structures were determined by the full
optimization at minima and maxima of the potential energy hypersurface of a reaction
system[8]. The potential energy values were elabolated by the method of configuration
interactions(CI) or the Moeller-Plesset perturbation theory[6].

In the calculations of large reaction systems, all the underlayer atoms are fixed in order
to take account of the characteristic of the crystal. The carbon atoms which is expressed by
an open circle also fixed in the same reason, eve.. when they occupy the utmost surface.

3. The Structure of (001) Surfaces of Diamond Crystals

3.1. Model Molecular System
Fig. 1 represents the unreconstructed diamond(00)-(lxl) surface whose bond

distances and bond angles are postulated identical with those of the inner structures of
diamond crystals. No one knows whether the growing surface of diamond crystals in
hydrocarbon plasmas at 800C is bared or terminated with hydrogen which forms C-H
bonds. We postulated bared (001) surfaces in this research because the theoretical
experiment on MBE of diamond crystals has to be discussed here. In order to describe the
reconstruction process of diamond(001) surface, we must take notice of the two top C
atoms denoted as solid spheres in Fig. 1. The first, secona And third underlayers also
have to be considered. For these reasons, the construction of the smallest model molecular
system for ab initio calculations was performed in the following way: i.e., the C atoms
designated by the solid spheres in Fig. 1 were remained and those of the open spheres
were replaced by hydrogen atoms. Consequently, a C9H12 model was obtained as shown
in Fig. 2(a).

3. 2. The Reconstructed Structure of Diamond(001) Surfaces
Starting from the (lxl) structure, the potential energy of the model molecular

system(Fig. 2(a)) in the lowest electronic singlet state was minimized at the Hartree-Fock
level. The fully optimized structure obtained at the minimum of the potential energy
hypersurface in the lowest singlet state of the model reaction system was shown in Fig.
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2(b). The Cl-C2 distance which was 2.185A in the (lx) structure(Fig. 2(a)) became
1.386A in Fig. 2(b) which shows formations of the reconstructed (2x) dimer structures.
The dirter produced is symmetric and not buckled.

This result is very similar to the case of Si(001) surfaces reported in the previous
paper[9]. The (2xl) symmetric dimer structures of reconstructed Si(001) surfaces are well
established by STM experiments[10]. Quite recently, the (2x1) symmetric dimer structure
was observed by STM experiments on (001) surfaces of diamond crystals produced in
CH4 plasmas[3]. This experiment supports the theoretical results presented here. As
mentioned in section 1., the STM image of diamond(001) surfaces clearly shows the two
kinds of steps, SA and SB, which are always observed on Si(001) surfaces.

4. The SB Step Growth on (001) Surfaces of Diamond Crystals with Carbon (1D) Atoms

4.1. The Steps of (001) Surfaces of Diamond
From the theoretical result on the reconstructed (001) surfaces of diamond crystals

shown in section 3 as well as the STM experiment on the Si (001) [10], we can imagine
the structures of (001) surfaces of diamond where homoepitaxial growth takes place in
hydrocarbon plasmas. A sketch of the imagined (001) surface of diamond crystals are
drawn in Fig. 3. The structure is identical with Si(001) surfaces in the meaning that the
two kinds of steps, SA and SB, exist there. The dimerization direction of the (2x)
structure on an upper terrace near a step is normal to the step edge in the SA step and
parallel in the SB step, respectively, as shown in Fig. 3. In the STM image of Si (001)
surfaces, the SA step stands in a straight line but the SB step has a ragged edge [3]. This
fact means that each of the dimer rows grows independently at the SB steps. For this
reason, the SB step growth will be elucidated if the elementary growth process of a single
dimer row could be clarified.

The SA step growth was found to begin with a nucleation on the lower terrace at the SA
step edge as shown later. Once a nucleus has been formed at the SA step edge, the same
structure as the SB step type I (see section 4.3.) is generated at both sides of the nucleus as
shown in Fig. 8(11). Then, a dimer row growth starts from the nucleus along the SA step
edge in the same mechanism that operates in the SB step growth (see sections 4.3 and 4.4
for the SB step growth). This dimer row formation is corresponding to one step growth
of the SA step. In other words, the SA step growth is a complex process, i.e., a
nucleation followed by a diner row growth whose propagating direction is normal to the
direction of the SA step growth as shown in details in section 5 and 6. Therefore, the
elementary processes of the SA step growth are identical with those of the SB step growth
except its initial process for the nucleation. Consequently, the SB step growth was
investigated in details at first in terms of the elementary process in this paper.

4.2. A Model Reaction System for the SB Step
A model reaction system which represents the SB step on diamond(001) surfaces, the

large model, was constructed by replacements of the carbon atoms shown by open circles
at the SB step in Fig. 3 with hydrogen atoms. The constructed model reaction system was
shown in Fig. 4(a).

4.3. The SB Step Structures Appearing during the Epitaxial Growth
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Fig. 3. SAs and SB steps of (001) surfaces. Model molecular systems for the SB and SA
steps are constructed by the replacement of the open circles with hydrogen atoms. The
lower figure shows the top view and the upper one is the side view.

Table L. Stat functions of C a=o by, full a calculation wkth 3-210+ 140)

ID 'yi-0.7S(22200000D)-0.37(220200000)--0.37(220020000)4.23(221000l00)+...
Yp2.0.65(220~)025(220200)-.20(2210001)O.20(22010010)+...
W3.0.92(2201 0000)0.22001001)-.20(22010001)-. 16(2 1011 1100)+...
IF.92(22010O0.20(22OW)-O.22010)-O.6(21 101 I00)+...
'P5 0.92(221100000)40.20(220100l00-0.20(22000010)-O.16(21 101000)+...

IS Y6m0.5l(22200000)40.51(2202WWO0)40.31(22002000)
40.202100010)440.20(220100010)40.20(220010001)+..-

a) (222000000), (221000100), etc. are the electronic configuration functions of Caom
The numerals in parentheses wre the occupation number of electron in each AO, Is. 2s,
2px. 2py, 2Mz 3s, 3px, 3py, and 3pz in this order, whern 3s and 3p AOs are Rydberg
ones.
b) Contributions from the other configurations are small (less tha I%).
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The structures of the SB step generated during the process of a dimer row growth were
shown in Fig. 4. The atomic distance betweqn the neighboring carbon atoms of the utmost
diamond(001) surfaces changes from 2.522A at the initial (lxl) structure, to -1.5A at the
(2x) structure after the dimer formation. With careful examination of Fig. 4, we can find
that there are two types of SB steps on diamond (001) surfaces; i.e., (a) and (c) belong to
the same type of SB steps but (b) to another different type. At these SB steps, the dimers
belonging to the utmost surfaces are on the same position as the crystal lattice for both
cases of (a) and (c), but the position of the dimers for the case(b) is slid to the right hand
side from the crystal lattice. Hereafter, we call the SB step type I and the type II for the
former and the latter, respectively.

4.4. Elementary Process of the SB Step Growth
The electronic state functions for a carbon(1 D) atom were calculated, because the

elementary process of the SB step growth by diamond(1 D) atoms generated from the
decomposition is investigated in this research. The five state functions representing the 1D
state have the same forms as the d atomic orbitals of H atom (Table 1). The spatial
distributions of the square values of the highest occupied MO(HOMO) and the lowest
unoccupied MO(LUMO) as well as the second HOMO are shown in Fig. 5 on the
structure(a) of Fig. 4. The MO energies of the HOMO and the second HOMO are
substantially degenerated. It is well known that HOMO and LUMO control an initial stage
of chemical reactions significantly[7]. In Fig. 5, the HOMO is localized at the dimer part
of the lower terrace next to the SB step, but the second HOMO and the LUMO are
localized at the SB step edge of the upper terrace. It should be noted that the LUMO and
the second HOMO have the spatial distribution very similar to a o-type dangling bond at
the step edge. A carbon(1D) atom interacts with the LUMO or the second HOMO at the
initial stage of the growth reaction at the SB step. The carbon atom makes a bridge
between the carbon atom having the LUMO as well as the second HOMO and the other
carbon atom of the dimer which is next to the SB step and belongs to the lower terrace (the
first carbon bridge formation; Fig. 6). This situation corresponds to the reaction of a so-
called dangling bond at the step edge with a carbon (ID) atom. The dimer row propagates
one dimer at the SB step edge as is shown in Fig. 4(b) immediately after the second carbon
bridge was formed at the neighbor position in the same way as the first carbon bridge (Fig.
6).

The potential energy stabilization following this SB step growth (a)--(b) is 13.66eV
(Fig. 7). It should be noted that the two dimers at the lower terrace in the structure(a) hold
their dimer characterl considerably even after the structure(b) has bpen formed; i.e., the
bond length of 1.436A in the dimer of structure(a) changed to 1.730A in the structure(b).
This lengthening of the dimer bond distance means thT unstabilization of the dimer. But,
one should remember that this bond length of 1.730A is very short, when comparing it
with 2.522A of (×lx) structure of diamond(001) surfaces. Because of holding a dimer
structure at the lower terrace, the position of the dimer newly produced at the SB step edge
in the structure(b) moves to the direction of the right hand side from the corresponding
crystal lattice.

The next SB step growth occurs when two carbon(ID) atoms insert to the unstabilized
dimers at the lower terrace in the structure(b). In this way, the dimer row propagates one
more dimer at the SB step edge as shown in Fig. 3(c). The potential energy stabilization
by this step growth (b)-4(c) is 20.60eV and larger than the step growth (a)-(b), as shown
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Fig. 6. The first carbon bridge
formation in the elementary
process of the SB step growth.
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Fig. 7. The potential energy stabilization following the SB Step growth.
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in Fig. 7. Remember that the structure(c) and the structure(a) belong to the same type(type
1) as mentioned in section 4.3.

It is concluded that the SB step growth by carbon(ID) atoms on diamond (001)
surfaces takes place by repeat of a series of reactions (a)-+(b)-+(c) in Fig. 4, or by the
alternative dimer formations at the type I and the type 11 of SB steps.

5. The Nucleation with Carbon(ID) Atoms on Diamond(001) Surfaces

5.1. A Model Reaction System for the SA Step
A model reaction system which represents the SA step on the diamond (001) surfaces,

the large model, was constructed by replacements of the carbon atoms shown by open
circles with hydrogen atoms at a SA step in Fig. 3. The constructed model reaction system
was shown in Fig. P,I).

5.2. Elementary Porcess of the Nucleation at the SA Step
The nucleation process at the SA step initiates as a dimer formation on the model

reaction system of Fig. 8(I). The dimer is successfully produced at the center of the
reaction system (Fig. 8(11)) as the minimum of the potential energy hypersurface of the
system. The structure of the newly produced dimer in Fig. 8(11) is very similar to that of
the dimer at the SB step edge in Fig. 3(a); i.e., these dimers have the same bond distance
1.559A.

The spatial distributions of the HOMO and the LUMO of the newly generated dimer of
Fig. 8(11) are very similar tr each other (Fig. 9). They look like a-type dangling bonds
standing at both sides of the dimer. This spatial distribution like a a-type dangling bond of
the LUMO and the second HOMO of the structure in Fig. 4(a) contribute to the SB step
growth as presented in section 4.4. For these reasons, we can consider that the newly
formed dimer at the central part of the reaction system in Fig. 8(11) is the nucleus which
serves as the SB step type I. The spatial distributions of the HOMO and the LUMO in
Fig. 9 indicate that the SB step type I of a dimer row is generated at the both sides of the
nucleas. Therefore, the dimer row growth, which takes place at the SB step edge
investigated in section 4, starts from the nucleus along the SA step edge to both sides as
shown in section 6. This is the mechanism of the SA step growth.

The potential energy stabilization following the nucleation process is 13.81eV (Fig. 10)
which is very similar to the stabilization energy 13.66eV obtained in the growth of SB step
type 1, but smaller than the mean value (17.13eV) of the stabilization energies generated in
the successive growths of SB step type I and type II (Fig. 6).

6. The SA Step Growth on (001) Surfaces of Dianiod with Carbon (1D) Atoms

6.1. The SA Step Structures Appearing during the Epitaxial Growth
In the model reaction system of Fig. 8(I), the bond lenths of the dimgrs of the top

layer i: -ve substantially the sqme value althoughs the center dimers are 0.004A shorter than
others. The value of 1.436A is the same one that appeared in the dimers on the lower
terrace at the SB step type I in Fig. 4(a). The nucleus produced on the center dimers of the
reaction system is a dimer whose bond length is 1.559A (Fig. 8(11)). This bond length is
the same value as that in the SB step type I of Fig. 4 (a).
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One step propagation from the nucleus generates the SB Step type 11 as shown in Fig.
8(111). Here, we can find the characteristic of the SB step type II of Fig. 4(b) in the
structures of the newly produced dimer and the dimers on the lower terrace. One more
step propagation to the left hand side generates two step edges of the SB step type II as
shown in Fig. 8(IV). The bond length of the dimer at the SB step type II is -1.43A and
those of the dimers on the lower terrace is -1.73A. This rule is true in the structures of Fig.
8(111), (IV), (VI) as well as Fig. 4(b). The dimer of the SB step type I has a longer length
(~1.56A) than that (-1.43A) of the SB step type H. This rule is verified in the structures
of Fig. 8(11), (I1), (V), and (VI) as well as Fig. 4(a) and (c).

6.2. Elementary Process of the Dimer Row Growth Starting from the Nucleus.
The first step of the dimer row growth starting from the nucleus is followed by the

remarkable stabilization of the reaction system as shown in Fig. 10. The stabilization
energy of 16.24eV is much larger than the usual SB step growth of type I (13.66eV in
Figs. 7 and 10). This remarkable stabilization originates from the large displacement of
the utmost layers from the crystal lattice as shown in Fig. 8(M). A strain energy arisen
from keeping the crystal structure is relaxed in this structure. For this reason, the next
propagation to the left side releases a small amount of energy (13.19eV; Fig. 10) where the
crystal structure is recovered in the utmost layer (Fig. 8(IV))

The one side propagation in two steps to the right hand side from the nucleus (Fig.
10(V)) produces the real SB step type I of Fig. 4(a). The stabilization energy from the
structure V to VI in Fig. 10 is 13.66eV which exactly equals the energy released in the
growth of SB step type I (see Fig. 7). The bond lengths of the dimers corresponding to
the SB step type I ini the structure of Fig. 8(V) have also exactly the same value as that of
the SB step type I in Fig. 4(a).

The both sides propagations from the nucleus produce two step edges of the SB step
type II (IV in Fig. 10). One side propagation from the structure IV to VI generates the
stabilization energy of 20.88eV which is slightly larger than the energy liberated in the
growth of the SB step type II of Fig. 7(b). However, the growth af the SB step type II
from the structure III to V in Fig. 10 generates smaller stabilization energy (20.41eV)
which may be affected by the remarkable stabilization of 16.24eV in the formation of the
structure III.
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Growth from Acetylene on the Diamond (110) Surface

David N. Belton and Stephen J. Hairis

Physical Chemistry Department, General Motors Research Labs

P.O. Box 9055, Warren, MI 48090-9055

Abstract

We have piaposed a detailed chemical kinetics mechanism for

addition of C2H2 to a (110) diamond surface, which is the fastest-

growing face. The model contains no adjustable parameters and

is based on the hypothesis that diamond surface chemistry may

be understood in analogy with gas phase hydrocarbon chemistry.

We calculated a growth rate of 0.03 pm/hour, which gives approx-

imate agreement with experiments suggesting we have a feasible

mechanism for growth on (110) surfaces.

Introduction

Recently, we proposed an approach for modeling and predicting the growth rate

of diamond[I] which assumes that the chemistry of diamond surfaces is funda-

mentally similar to the very well-known chemistry of hydrocarbon molecules. We

then proposed a simple chemical kinetics mechanism[1] with CH3 as the growth

species[2,3,4] which accurately predicts the growth rate[l] as well as its pressure-

and composition-dependence[5] in filament-assisted CVD systems. In this paper

we examine growth on the (110) diamond surface, -vhich is the fastest-growing

surface[6]. Sites with (110) character are also found at steps and kinks on other

low index faces. Noting that there is now direct experimental evidence showing

that diamond can be grown from acetylene[4], we analyze growth on the (110)

surface with the assumption that C2H2 is the growth species. Huang, Frenklach,

and Maroncelli (HFM) previously proposed[I a different mechanism to describe

the conversion of C2H2 to diamond, but our thermochemical analysis showed that

the proposed HFM mechanism does not lead to diamond formation[8). In this
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work we propose a new mechanism which is consistent with the therriochemical
principles observed with gas phase hydrocarbon chemistry and which can account

for a significant fraction of diamond growth in cases where the C2H concentration

is relatively high[4].

Analysis

To construct a detailed kinetics mechanism that describes diamond growth we

need a series of elementary reaction steps making up a mechanism, rate constants

k for each step in the mechanism, an estimate for the Gibbs free energy change

AG for each reaction in the mechanism in order to calculate rata- constants for

reactions proceeding in reverse directions, and gas phase species concentrations.

Table I

REACTION k' AG12 0K

1. H4 + H(g) - RH 3 + H2(9) 5.0 x 1014e-7°°/aR -20.1

2. RH 3 + H(,) H4  1.0 X 1013 -53.1

3. RH 3 + H(,) - R2H2 + H 2(#) 1.3 x 1014e - 73o / RT -15.7

4. R 2H 2 + H(g) - RH 3  2 x 1013 -58.1

5. R 2H 2 + C2H2(,) q VH2  8.1 X 101°e-770°/aR -40.0

6. VH 2 + H V VRH + H2(,) 2.5 x 1014e-rM/aR -21.0

7. VRH + H(q) ,s VH- 1.0 X 1013 -52.8

8. VRH + H(V) v VR2 + H2(,) 1.3 x 1014e- 7
3W

°/  -20.4

9. VR2 + H(g) - VRH 2 x 1013 -53.4

10. VR2 + C2H2(g) ;- V2  8.1 X 101°e - 77°° / -' -23.7

11. V2 + H(,) q VE 9.5 x 10 1e - 2 1°°/ a T  +5.1

12. VE - C4R 1 X 1013e - 77°° / ' "  -22.9

13. CGR + H(g) 4 1 X 1013 -53.2
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Reactions and Structures

In order to calculate strain energies and steric repulsions on the diamond (110)

surface, we took as our model compound a 3.8 A thick diamond slab containing 130

carbon atoms with a hydrogenated 11.5 by 11.5 A(110) face. Use of large model

compounds is a requirement if strain energies are to be calculated accurately. This

is because the calculation must take into account the fact that lattice atoms close to

a surface reaction site may move somewhat to relieve steric repulsions, but it must

also take into account that the crystal as a whole is extremely rigid. As large as

our model compound is, we found that it would flex when the surface was strained

by reactants with a great deal of steric repulsion. Therefore, the 67 carbon atoms

at the edges of the crystal were fixed at their lattice positions, which prevented

any overall flex of the model compound; the remaining 63 carbon atoms were

allowed to move in response to steric repulsions. To calculate entropies we used a

smaller crystal consisting of 15 carbon atoms because of limitations in the computer

program. Since changes in the entropy depend only on changes in vibrational

frequencies, which are hardly affected by the size of the model compound, use of

this smaller model for the entropy calculations has almost no effect on the results.

For our mechanism we imagine dividing the (110) surface into units containing

4 surface carbon atoms and assume growth occurs at all such units in parallel.

The mechanism begins with fully hydrogenated surface units called H4 . In the
first step of the mechanism a surface H is abstracted by a gas phase Heal giving

a surface radical RH3. (R denotes a Radical site.) RH3 can recombine with a gas

phase HPI atom, Reaction 2, or a second surface H can be abstracted, Reaction

3, to give R 2H2 . C2H2 adds to one of the radical sites of R 2H2 , and the free

radical and of the added C 2H2 quickly attaches to the other radical site. The

result is an adsorbed vinyl structure called VH2, where the two added carbons

from C 2H2 are now connected to each other by a double bond. An analogous

series of steps leads to the addition of the second vinyl group giving V2. The final

series of reac.: then connects the two vinyl groups, resulting in 4 carbon atoms

bound to each other with single bonds: In Reaction 11 an H90 ' adds to one end

of one of the vinyl groups which changes it to an Ethyl-like secondary radical and

makes the surface structure into VE. This ethyl radical attacks the nearer end
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of the remaining vinyl group in Reaction 12, joining all four carbons in a butyl
radical-like structure which can add a Hw to give the final hydrogenated 4-carbon
structure C4. Following Goodwin[9], we note that formation of C4 is equivalent

to forming a new H 4 structure. C4-type structures form in parallel all across the
surface, and these C4 groups rapidly link, giving a new (110) layer, through a
series of hydrogen abstraction and radical recombination reactions, which are very
fast compared to the acetylene addition reactions required to form 04. Therefore,

completion of a new diamond "layer" proceeds at the rate at which C4 is formed.
2. Thermochemical quantities

Table II

SPECIES Eo1 .1  Hbw S
kcal/mole kcal/mole cal/mole-K

H 4  0.0 0.0 0.0

RH3  -0.6 41.6 2.8
R 2H2  1.45 83.3 3.7

VH 2  9.7 33.9 14.4

VRH 7.9 75.6 16.5
VR 2  6.5 117.2 18.4

V2  28.9 68.0 27.4

VE 40.8 86.8 35.9
BR 32.6 65.4 30.3

C4  35.7 22.3 28.4

Hgas - 56.6 34.3

H- 6.4 41.1

-2H2
"  - 68.6 67.1

According to the principle of group additivity[10], the heat of formation H1

of a species can be decomposed into a bond enthalpy Hb and a strain energy

Eo,&.,, which comes from steric repulsion between the atoms. We used the group
additivity scheme of Benson[10], corrected for more recent values of the C-H bond
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dissociation energies[11], to estimate changes in bond enthalpy for each reaction at
1200 K; and the MM3 molecular mechanics force field[12] to estimate Eg,,, for

each of the structures we used. Results are shown in Table II.

Since only changes in enthalpy are important, all quantities are referenced to

H4. We estimate the uncertainty in the calculation for AH which is defined as

AHU,,, + , at about 1 kcal/mole[12].

Calculated entropies for each compound in our mechanism are shown in Table

II, with an estimated uncertainy of around 0.3 cal/mole-deg[12]. The change in
the Gibbs free energy for each reaction, shown in Table I, is calculated from

AG = ,H - TAS. (1)

Uncertainty in AG is estimated at less than 2 kcal/mole, which correbponds to
an uncertainty in a reverse rate constant of around a factor of 2. We note that
although AG is evaluated at 1200 K, AG c n be estimated at nearby temperatures

using Eq. 1 because the temperature dependences of AH and AS tend to cancel
in that equation.

3. Rate constants

Rate constants used in our analysis are shown in Table I. Since there are no
experimental measurements for these gas-surface reactions, we assume that we can
use data from gas phase alkane chemistry in order to estimate values for gas-surface

reactions. Our critical assumption is that the reaction cross section o, per surface

site is equal to reaction cross section s, per equivalent site in a prototype gas phase

reaction.
This method for estimating k. differs importantly from that proposed previ-

ously by Frenklach and Wang[13] who assumed that the reaction probability, 7,
rather than the reaction crosa aection, is transferable from gas phase to gas-surface
reactions. 7 is defined as the reaction rate divided by the collision rate. There-

fore, evaluating y, and 7. involves estimating the collision cross section or "size"
of a molecule or of a surface site. However, the size of a molecule depends on the
prototype reaction chosen, and the size of a surface site is not necessarily a well

defined concept. Frenklach and Wang[13] define the size of a surface site to be the
inverse of the surface site density. This implies that the reactivity of, for example,
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a given C-H bond depends sensitively on how far away neighboring C-H sites are.

Although in principle this is conceivable, there is no precedent in alane chemistry

for such a dependence. In fact, experiment shows that the rate constant per site

does not depend on the density of reactive sites in those molecules. That Frenklach

and Wang calculate values for ka about two orders of magnitude smaller than ours

is due primarily to the particular choices they made for molecular and surface site

sizes.

4. Concentrations

In this work we use [C2H2] = 2.7 x 10-i woles/cm, which was determined

by Harris and Weiner[14] from mesurments and from modeling of their filament

assisted growth system. By assuming that CH4 + H = CH3 + H 2 is in partial

equilibrium they estimated [HI = 3.5 x 10- 1 moles/cms. However, Goodwin[9,15]
has pointed out that our mechanism predicts that gas-surface reactions undergone

by H0'8 are so fast that its concentration at the surface is lowered by around a

factor of 7. Thus, we take [Hg . ] = 5.0 x 10- 0. However, we will also examine the

dependence of the growth rate on [H] and [C2H2] over several orders of magnitude.

Discussion

1. Results of the Model
The hydrogen abstraction and addition reactions reach steady state in about

50 microseconds, but steady state growth is not reached for about 20 seconds.

The long induction time is the result of the relatively slow reactions involved in

acetylene addition. Because the hydrogen abstraction and addition reactions are

so fast compared to the acetylene addition reactions, reactions which link neigh-

boring B groups are fast compared to their rate of formation. Once steady state

is reached, our calculations predict a growth rate of 0.03 pm/hr with an estimated

uncertainty of around an order of magnitude. Considering that experimentally

measured growth rates in filament-assisted systems are typically in the range 0.1 -
1.0 pm/hr, we have shown that our mechanism is a feasible pathway for contribut-

ing significantly to diamond growth on (110) faces or at other (110)-like sites which

can be present at step and kink sites on other faces.

175

C',,



Our model allows us to predict the relative amounts of different species on the

(110) surface under steady state growth conditions. We find that about half of the
topmost surface C atoms are hydrogenated, with a hydrogen atom coverage OH of

0.53 monolayers (ML), while the total surface radical coverage is 0R = 0.20 ML. Of

these, about 20% have a neighboring radical site, making 0na = 0.04 ML. These

results contrast with suggestions sometimes made that finding two neighboring

radical sites is very unlikely. Interestingly, there is a very high coverage of adsorbed

vinyl groups (Ov = 0.26 ML). Since each vinyl occupies two surface H sites, this

value represents roughly 1/2 of the maximum amount of vinyl which could adsorb

on the surface. This high coverage, which is due in part to the strong bonds formed

by sp 2 carbons, may well be observable spectroscopically.

There is no simple steady-steady formula which describes the growth rate over

a significant range of possible C2H2 and H concentration ranges. Instead, we plot

the calculated growth rate vs. [C2H,] (Fig. la) and [H] (Fig. 1b). The growth

rate is first order in C2H 2 over a very wide range of C2H2 concentrations, but at

the relatively high H atom concentrations which are prevelant in filament assisted

growth system, the reaction is zero order in H. There is a very strong dependence

on H atom concentration below about 10- 10 moles/cc.

C2H2=9-7E-lO UAX/C H = LOE-1 MOLC
0- I-

S-4-

L H (MO S/CC) -W am .,J2 =

2. Comparison to Previous Models

Diamond growth has been modeled by several other groups beginning with

Tsuda et al.[16,17], who examined an ionic mechanism. Neutral mechanisms, ap-

propriate for filament-assibted systems, have been proposed by Frenklach and co-
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workers[7,13,18] for C2H2 addition and by Harris[1] for CH3 addition. The C2H2

addition mech %nism of HFM[7] has some similarities with the one proposed here.

Both mechansLIs propose C2H 2 as the growth species, and both propose addition

to (110)-like sites. However, there are also critical differences (beyond the use by

HFM of reaction probabilities rather than reaction cross sections[13]).

1. The individual steps are completely different. The HFM mechanism begins

with CH 2 addition to RH3 followed by a complex series of atom rearrangements

on the surface to give a secondary surface radical with only single bonds. There

is then a short radical chain mechanism as a second C2H2 adds at the radical site.

The chain ends when a hydrogen atom is expelled. In contrast, the mechanism

proposed in Table I adds C2H2 at the di-radical site R 2H 2; there are no atom

rearrangements on the surface; the mechanism for C2H 2 addition is not a radical

chain; and the mechanism ends with H atom recombination.

2. C2H2 addition is taken by HFM[13] to be irreversible; that is, the rate

constant for C2H2 desorption is set identically to zero. (In contrast, HFM assign a

large rate constant to CH3 desorption, which explains their conclusion that C2H2

addition is more effective for diamond growth than CH3 addition.) According to

our method of analysis, the HFM mechanism is not a feasible pathway to diamond

formation because the addition step, in which C2H 2 adds to a surface radical site

yielding a another surface radical site, is only mildly exothermic but has a very

negative AS. As a result, AG is not sufficiently favorable to permit the HFM

mechanism to proceed. In contrast, our mechanism adds C2H 2 to a di-radical,

which is a very high energy species, and the addition reaction replaces the di-

radical site with a stable structure. This step is so exothermic that the negative

AS is overcome and the growth process becomes favorable.

3. The HFM mechanism provides a model not only for diamond growth but also

for formation of sp2 carbon. We have not attempted to incorporate sp2 chemistry

in our models.

Conclusions

We have proposed a detailed chemical kinetics mechanism for addition of C2H2

to a (110) diamond surface. The model contains no adjustable parameters and is
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based on the hypothesis that chemistry on the diamond surface may be understood

in analogy with the chemistry of gas phase hydrocarbon molecules. We have calcu-

lated a growth rate of 0.03 pm/hour, which is within about an order of magnitude

of experimentally measured growth rates. We conclude, therefore, that this is a

feasible mechanism to account for growth on this surface or at steps or kinks on

other surfaces where 110-like sites may be found. The ritical surface species in this

mechanism is the di-radical R2H2 , which is present at significant concentrations,

according to our mod.l. We find that growth is first order in C2H2 and near-zero

order in H over a wide range of concentrations and that addition of the second

C2H2 molecule is the rate liniting step. The rate that we calculate is most sensi-

tive to the rate constant for C2H 2 addition, but also depends strongly on the ratio

of the H abstraction and recombination rate constants. Thermodynamics is most

important for the C2H2 addition reactions. The rate falls by an order of magnitude

when the calculated value for E,&.i,, in V is increased by 10 kcal. Steady state is
reached in 20 seconds, at which point the surface has a surprisingly high (0.25 ML)

concentration of adsorbed vinyl groups.
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NEGATIVE ION MASS SPECTROMETRY IN A FILAMENT
ASSISTED CVD DIAMOND GROWTH APARATUS
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We have studied gas phase chemistry during diamond growth
using hydrocarbon/hyd:ogen mixtures in a filament-assisted
CVD reactor. A mass spectrometer was used to find the ions
present during diamond growth. Three negative ion peaks
resulting from ionization of the gas on the filament surface were
discovered at masses 1, 26, and 27 amu.

I. INTRODUCTION

Low pressure CVD diamond growth has many applications (1).
Knowledge of the chemistry during the diamond growth process could
lead to improvement in diamond quality. Hot filament CVD (HFCVD)
growth of diamond on a variety of substrates in H2/CH4 mixtures at low
pressure exhibits a growth rate that depends upon the electrical bias of the
substrate (2-4). For example, it was found (2) that a positively biased
substrate produced the best diamond growth results, suggesting that
diamond growth it dependent on a charged species. It is possible that
molecular ions are an important participant in the gas phase chemistry.
The research goal here was to determine the ion species present during
HFCVD to better understand the diamond growth process.

II. EXPERIMENTAL

An EXTREL Mass Spectrometer was connected to an HFCVD chamber
for ion measurement. The arrangement geometry is shown in figure 1.
The mass spectrometer was operated in a secondary ion mass spectrometer
(SIMS) configuration in order to select charged species only. A mixture of
1% CH4 in H2 was leaked into the chamber at pressures limited by the
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SIMS apparatus: 10-6 to 10-5 Torr. A 0.10 by 0.005 by 5.08 cm tungsten
filament was resistively heated to temperatures ranging from 1300 to 2000 C.

The energy analyzer portion of the ion mass spectrometer selects the
energy of detected ions. The filament and energy analyzer voltage level
were matched in order to insure that the ions detected were from the region
at or near the surface of the filament.

Three negative ion peaks were discovered (figure 2) at mass 1, 26, and
27 amu. We assign these peaks as H- and C2 H2- : the peak at mass 27 having
a VC instead of 1 2 C at one of the C2 sites. No positive hydrocarbon ions
were detected. The C2H2- peak intensities were constant over the pressure
range of 10-6 to 10-5 Torr. The intensity was strongly dependent on the
filament temperature and peaked at around 1430 C (figure 3).

III. DISCUSSION

Simple surface ionization theory suggests that the collected ion
counts should follow an exponential increase with increasing temperature
and then an ion count saturation. The plot of log intensity vs 1/T ,
however, seems to indicate two competing processes leading to ion
formation: one increasing and the other decreasing the ion yield (figure 3).

The production of negative ions at or near the filament surface has
been shown in two ways: the ion production has a large dependence on
filament temperature, and the ion signal peaked when the potential of the
filament and acceptance energy of the analyzer were matched. According to
surface ionization theory, the ion density created by the filament should
saturate at a given temperature that depends on the pressure of ionizable
gas available. The fact that the signal is independent of the gas pressure
suggests that the rate of C2H2 " formation is determined by a stable
concentration of hydrocarbon at the surface. We believe that at least one
other process is competing with surface ionization, perhaps molecular
breakdown.

In conclusion, we found H- and C2H 2- during a simulated diamond
growth process. We think these ions are important in the gas phase
chemistry during diamond growth and certainly in the hot filament region
in HFCVD. Identification of the predominant negatively charged species
helps in developing a model for diamond growth.
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Fig. 1 - Mass spectrometer on a filament assisted CVD chamber.
The negative ions are created at the filament, extracted by a lens,
energy analyzed, focused, mass analyzed, and finally detected with
a dynode/electron multiplier arrangement.
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spectrometer was swept over a 50 atomic
mass unit range. The C2H2- counts per

second peaked at around a filament
temperature of 1430 0C. We believe the
peak at 27 amu is C2 H2 - with one of the
Carbons having a mass of 13 amu.

SlIMX. IIIEI6TY kS FILID 1EiPBATIIE
K mEumT MO

+ ++

+
+ +

+

+

UIIE4ll- 13

Fig. 3 - Total ion counts over the inverse
filament temperature. The plot seems to
have distinct linear portions. Raw data Is
included from several experiments.
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THERMAL DESORPTION FROM HYDROGENATED
DIAMOND (100) SURFACES

R.E. Thomas, R.A. Rudder, R.J. Markunas
Research Triangle Institute, Research Triangle Park, NC 27709

ABSTRACT

Thermal desorption spectroscopy and low energy electron diffraction
(LEED) have been used to study the interaction of atomic hydrogen with
the diamond (100) surface. Heating a diamond crystal in-vacua readily
reconstructs the surface from a (lxl) configuration to a (2xl) structure.
Unlike the case for silicon, exposure to atomic hydrogen does not easily
convert the surface back to the (lxl) structure. Hydrogen thermal
desorption peaks from the (2x1) surface exposed to atomic hydrogen at

xl0 - 6 Torr are seen at approximately 950'C for heating rates of
20 C/sec. After exposure of the surface to atomic hydrogen in amounts
in excess of that required to terminate the surface, 10-2 Torr, thermal
desorption peaks associated with methyl radicals and acetylene are
observed in addition to hydrogen. Upon further exposure at 10 Torr the
surface appears to be partially converted to a (lxi) structure and ace-
tylene desorption features are no longer observed.

Introduction
Hydrogen plays a key role in most diamond growth processes developed to date.

However, the details of the behavior of hydrogen on the diamond surface are not well
understood. It is thought to both etch non-sp3 bonded carbon, which may be depo-
sited during the growth process, and to stabilize the cubic structure on the growing dia-
mond surface by terminating dangling bonds. Previous studies of hydrogen interactions
on diamond indicate that hydrogen desorbs from the surface at approximately 900'C
(1,2). Typically, researchers find that heating the diamond to approximately 1000°C
results in the (lxl) surface structure converting to the (2xl) surface structure (2,3).
One might expect, as in the case of silicon, the surface would convert back to the (lxl)
state upon exposure to atomic hydrogen. Hamza et al. have observed the transition
back to a (lxl) configuration on exposure to atomic hydrogen but find that on subse-
quent annealing the (2x1) surface is not recovered (2).

In the present work thermal desorption spectroscopy and LEED were used to
study interactions of atomic hydrogen with the diamond (100) surface. Transitions from
the (1x1) phase to (2xl) phase upon annealing and from the (2x1) phase to the (1xi)
phase upon exposure to atomic hydrogen were studied with LEED. Thermal desorption
spectroscopy was used to determine desorption kinetics and products from hydrogen
terminated surfaces.
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Experimental

Thermal desorption spectroscopy and LEED observations were performed in a
stainless steel UHV system. Base piessure was 5x10 -10 Torr for the sample chamber and
1x0 - 10 Torr for the quadrupole chamber. The sample chamber was separated from the
quadrupole chamber by a 2mm diameter aperture. Sample heating was accomplished by
clipping the crystals to a 0.25mm thick molybdenum resistive strip heater. All parts
associated with the heater stage, including the clamps and current leads were manufac-
tured from molybdenum. The sample temperature was measured by a 0.125mm diame-
ter chromel/alumel thermocouple in intimate contact with the crystal. The thermocou-
pie was threaded through a hole in one corner of the crystal, and the thermocouple
bead then held in tension against the crystal. Two (100), 5mmx5mmx0.25mm, diamond
crystals were used in the course of the present study. One of the crystals had approxi-
mately .5 microns of homoepitaxial diamond deposited prior to insertion into the sys-
tem. Diamond polishing of the substrates leaves fine scratch marks on the surface,
which previous work has shown can be covered by deposition of a homoepitaxial film
(4). The homoepitaxial diamond was grown with an rf discharge plasma CVD process
using CH4 in H2 as feedstock. The uncoated samples were cleaned by hand-polishing
with 0.25 micron diamond grit and water. Following the polishing, the samples were
ultrasonically cleaned in two series of baths of TCE, acetone, and methanol. Between
solvent bath series the samples were vigorously swabbed to remove particulates. Once
the samples were introduced to the chamber, no additional cleaning was performed
aside from thermal desorption of adsorbed species. Several pressure regimes were used
in dosing with atomic hydrogen, which necessitated slightly different procedures. For
samples dosed at pressures from Ix10- 7 Torr to Ixl0-6'Torr, the hydrogen was flowing
through the system. Samples were also dosed at pressures of I0- 3 Torr-10 -2 Torr and
1-10 Torr. For these samples the main chamber was sealed and hydrogen was admitted
to the desired pressure. In all cases atomic hydrogen was generated via a tungsten fila-
ment operating at a temperature of approximately 1500* C. The sample was positioned
approximately 2 cm. from the filament during dosing. The sample was not actively
cooled and at the lowest dosing pressures remained at room temperature. At dosing
pressures in the 1-10 Torr range the sample temperature rose to approximately 125 * C.
All thermal desorption spectra were taken with a heating rate of 20' C/sec.

Results

The surface structure of the samples was monitored with LEED immediately after
introduction to the chamber, after dosing, and after thermal desorptions. All samples
exhibited a LEED pattern without annealing. For most samples this was a (lxl) confi-
guration. The one exception was the homoepitaxial sample which gave a (2xl) pattern.
Since this sample remained at the growth temperature, 800-900" C, while the plasma
and the gasses were shut off, it is likely that surface hydrogen simply desorbed and con-
sequently the surface reconstructed before the sample was removed from the growth
chamber. Upon annealing to 800' C-1000 ' C and for times rang-ng from 5 seconds to
120 seconds, all samples exhibited some degree of reconstruction to the (2x1) configura-
tion. Annealing at temperatures greater than approximately 1100'C usually resulted in
a degradation of the LEED pattern. Typically, the second order spot intensity was

187

II !i II I I II~ i l lH l I '.t I l II!IIm l I



reduced, and the background intensity increased. In these cases first order spot irten-
sity usually remained strong. The quality of the (2x) LEED patterns obtained upon
annealing samples varied considerably, arid no consistent trends were observed to
account for the variability.

Samples exhibiting good reconstructions were then exposed to atomic hydrogen in
an attempt to convert the surface back to a (lxl) configuration. Three pressure regimes
were investigated: 10-k10 - 5 Torr, 10--1 - Torr and 1-10 Torr. Only at the highest
pressures studied were we able to partially convert the surface back to a (lx1) state.
Samplhs exposed to atomic hydrogen at the maximum pressure showed only very faint
second order spots. Annealing of these samples to 1000 * C restored the (2x) configura-
tion. At the two lower pressure regimes studied little if any change was seen in the
(2x) LEED patterns upon addition of atomic hydrogen.

Given the difficulty in converting the - rface back to a (lxi) configuration, all
thermal desorption spectra were, perforce, from surfaces that had an indefinite degree
of surface reconstruction. The three dosing regimes used in the LEED study were also
used in the thermal desorption studies. Of the mases monitored during the course of
the study, (2,13,14,15,16,18,26,27,28, and 44), desorption peaks were seen only for
masses 2,1.5, and 26.

Figure I shows a series of hydrogen desorption spectra taken from a hydrogen
dosed natural diamond surface. The sample was subjected to atomic hydrogen doses at
fixed pressures and for a series of increasing times. A single desorption peak is evident
at 900' C. Figure 2 shows a similar series of hydrogen thermal desorption traces for the
CVD homoepitaxial sample dosed at a pressure of 3x0 -8 Torr. In this case two closely
spaced hydrogen desorption peaks can be seen at 900'C and at 1000 C. It is apparent
from both figures that extending the dosing time does not result in dramatically
increased amounts of hydrogen desorbing from the surface. We also do not see any evi-
dence for a shift in the desorption temperature as the coverage increases. The next
series of figures shows thermal desorption spectra from the CVD diamond film after
exposure to atomic hydrogen at the three pressure regimes used in the LEED study.
Figure 3 shows that after exposure to atomic hydrogen at 1x0 - Torr, hydrogen
desorbs at 900 ' C and perhaps a small amount of CH3, but little evidence of C2 H2. Fig-
ure 4 shows the sample after dosing at 2x10 -3 Torr, a dosing pressure far higher than
what is required to terminate the (2xl) surface. At this dosing pressure we now see clear
evidence of desorbing methyl radicals (700*C) and acetylene (600"C). Although the
sample has received an atomic hyarogen dose far in excess of what is required to
saturate the (2xl) surface, LEED indicates the sample is in fact still in a (2x) confi-
guration. These two species are desorbing in significant quantities compared to the
hydrogen desorption. The hydrogen desorption peak has broadened considerably after
dosing at this pressure but the peak desorption temperature has not shifted. Figure 5
shows the sample after dosing at 3 Torr for 2700 seconds. In this case the sample has
lost much of the (2x) structure as seen in LEED but has not fully regained the (Ixl)
surface structure. The hydrogen desorption peak has remained at 950 * C. ,The methyl
peak has shifted to approximately 800'C and the acetylene peak has virtually disap-
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Discussion

Surface reconstruction on the diamond (100) face has been reported previously
(2,3). As noted by these authors, the reconstruction process was not always reproduci-
ble. For all of the newly polished surfaces used in the present study, some reconstruc-
tion was noted upon anncaling. However, as indicated in the results section, not all sur-
faces fully reconstructed. Field emission SEM indicates the starting morphology for all
the hand-polished surfaces was quite similar. If surface morphology is influencing the
reconstruction, it is at a scale of less than 1000A. Hamza et al. have suggested that
adsorbed oxygen can affect the ability of the surface to reconstruct (3). Ex-situ meas-
urements of samples show the presence of oxygen on the surface, some or all of which
may have been added to the surrace during the air transfer to the XPS system. No clear
trend connecting the quantity of adsorbed oxygen and the quality of the reconstruction
was observed. Other contaminants below the detection limit of XPS remain a possibil-
ity. Annealing at temperatures higher than required to establish the (2xl) structure
appears to degrade the surface. The (lxi) pattern is still apparent but, as an increase in
the background is observed,; it is likely that the surface is becoming disordered and the
(lxi) pattern is from the bulk.

Conversion of the (2xl) surface structure back to the original (lxi) structure
appears very difficult. Extended dosing at high pressures is only partially successful at
restoring the surface. In contrast, silicon (100) samples in the same chamber and under
identical dosing conditions readily convert from the (2xl) state to the (lx1) state at dos-
ing pressures of x10- 6 Torr and at dosing times on the order of 1000 sec. For diamond
samples in this pressure regime, we do not see conversion even after 2000 seconds at
5x10 - 6 Torr; a dose 10 times at great as used on silicon. This is not too surprising as
the C-C bond strength at 83 kcal/mole is much greater than the Si-Si bond of 46
kcal/mole. Cluster calculations by Verwoerd indicate the diamond surface dimer bond
is very resistant to attack by atomic hydrogen (5). The apparent stability of the dimer
bond may also help explain results of the thermal desorption experiments described
next, particularly the appearance of acetylene.

It appears difficult to maintain a well characterized surface during the course of
thermal desorption experiments. The surface structure is evidently a function of sample
history and it is difficult to return to a standard starting point. In the case of the ther-
mal desorption experiments there may be several sites which are contributing to the
hydrogen observed. LEED in this case is a very rough measure of surface characteris-
tics. On a nominally (2xl) surface we find the hydrogen uptake saturates. By comparing
this with data obtained from silicon samples under identical conditions, we find the
quantity of hydrogen desorbed is corsistent with monohydride coverage, or I hydrogen
per carbon atom. Extended dosing does not significantly increase the hydrogen yield
from the surface. I ne substrate which had received the homoepitaxial film showed two
hydrogen desorption peaks only after film deposition. Before the film was deposited, a
single peak is ob.-erved at 900 *C. The desorption temperature does not appear to be
coverage dependcnt. This indicates a first order reaction with fixed activation energy. A
simple calculation using a standard frequency factor of 1013 gives aii activation energy
of 74 kcal/n_!,, which is considerably smaller than the C-H dissociation energy of 104
kcal/mole. F'irst order kinetics are also found by Sinniah et al. for hydrogen desorption
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from the monohydride phase on the silicon (100) surface (6). Along with first order
kinetics, an activation energy was found which was much less than the dissociation
energy for the Si-H bond.

As additional hydrogen is added to the saturated (2xl) surface we see the appear-
ance of Lew desorption products, .methyl radicals and acetylene. Since the dimer bonds
resist attack by atomic hydrogen it may be possible for the dimer back bonds to be
hydrogenated. If one or two of the back bonds were broken on the dimer unit, it would
then be possible for the two carbon atoms to desorb as a unit, perhaps resulting in the
acetylene production seen. Methyl radicals are also seen desorbing from the surface, but
at a higher temperature. Since the two species desorb at different temperatures, one
expects evolution from different sites. Mom 15 could be a fragmentation product of
either ethylene or ethane. Mass 28 was monitored for ethylene species but given the
large background seen at this mass it is difficult to discern a peak. No significant
desorption products were seen at mass 27 either, which one would expect if large quan-
tities of ethylene or ethane were desorbing. Given the size of the hydrocarbon desorp-
tion peaks relative to the hydrogen peak, it is clear that an appreciable fraction of a
monolayer of carbon is desorbing from the (2xl) surface after extended dosing. It is not
clear what sites the methyl radicals may be desorbing from. It seems likely that the
methyl radicals are desorbing from dihydride sites.

If breaking of back bonds is occurring during hydrogen dosing, it seems likely that
etching of the dimer units is also occurring on a continuous basis. If completed, we
should see a reduction in amount of acetylene desorbed from the surface. At the highest
hydrogen doses studied, the acetylene does in fact diminish dramatically. Methyl radi-
cals, however, are still seen. Although the sample has moved closer to the (lxl) confi-
guration as a result of the hydrogen dosing, the hydrogen desorption peak remains at
950 * C. If desorption is occurring by processes similar to that on silicon, one would
expect a peak to appear at a lower temperature corresponding to the desorption from
the dihydride phase. Hamza et al. have results which indicate that both on the (100)
and the (111) face of diamond, the surface reconstructs after the hydrogen desorbs (2,7).
If there was little energy to be gained by formation of the dimer bonds on the surface,
one would expect the desorption from the dihydride and the monohydride to occur near
the same temperature.

Conclusions
The clean surface appears to saturate quite readily in the (2xl) configuration and

hydrogen desorption from this phase follows first order kinetics. Conversion of a dia-
mond (2xl) surface back to the (lxl) configuration by the addition of atomic hydrogen
is difficult. It appears this is accomplished by hydrogenation of dimer back bonds and
subsequent desorption of acetylene from the surface rather than by breaking of dimer
bonds. Surfaces which show substantial reduction in the (2x1) surface phase after
hydrogenation also show considerably reduced desorption of acetylene.
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Figure 1. Thermal desorption spectra from natural diamond surfaces. An additional
spectra was taken after dosing the sample at 940- torr with atomic hydrogen. The
higher pressure is comparable to the dosing pressure used on the samples in Figure 2.
Note that although the dose has increased by a factor of 3.5 between the sample
exposed at 9x10-8 and the sample exposed for 1500 second. at 240 7 torr, the magni-
tude of the desorption peaks is very close.
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TEMPERATURE (C)Figure 2. Thermal desorption spectra from CVD homoepitaxial diamond thin films

deposited on natural diamond substrates. In addition to the hydrogen desorption spec-
tra after dosing, a background spectrum is included where the sample was dosed but
not placed adjacent to the aperture.
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Figure 3. Thermal desorption spectra from CMD homoepitaxial diamond thin filrA after
dosing at x10- torr. The vertical scale on masses 15 and 26 has been magnified by a
factor of 3 to show detail.
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Figure 4. Thermal desorption spectra from CVD diamond film after hydrogen dosing at
24lO-3 torr. Note the large increase in methyl and acetylene production compared to
Figure 3.
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Figure 5. Thermal desorption spectra from CVD diamond film after hydrogen dosing at
3 torr. In this case the acetylene production is considerabiy reduced.
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GAS PHASE CHEMISTRY IN A DIAMOND-DEPOSITING dc.ARC.JET*

Gregory P. Smith and Jay B. Jeffries
Molecular Physics Laboratory

SRI International
Menlo Park, CA 94025

A model of the gas phase chemistry of diamond deposition in an arc-
jet plasma is presented. The model does not predict a large enough
methyl radical concentration to account for the observed diamond
growth rate from CH3 alone. Large superequilibrium concentrations
of atomic carbon are found. More than half of the total carbon in the
feedstock is found in polyatomic hydrocarbon molecules.

Introduction

Diamond thin films have been produced in dc-arc-jet plasmas with reported
growth rates which approach 1 mnhr (1-6). Such rates are as much as four orders of
magnitude faster than the typical growth rates attained in dc, microwave, and hot filament
reactors. Recent experiments with hot filament (7) and flow (8,9) reactors have indicated
that methyl radical concentrations above the growing diamond surface can account for the
observed growth rate. Harris (10) has developed a mechanism for growth of the
diamond 100 surface via methyl addition. The hot filament chemistry has been
extensively modelled (11-13); these results show that the methyl radical flux to the
surface can support growth rates between 0.06 and 0.6 pn/hr with the Harris
mechanism. Such values are consistent with the observed values.

It is tempting to believe that understanding the differences in the growth
environment between the dc-arc-jet and hot filament reactors will elucidate strategies to
increase the growth rate for all the diamond growth methods. Crucial to this
understanding is the determination of the mechanism of the diamond film growth. We
have modelled the gas phale chemistry in the dc-arc-jet plasma in order to discern if the
methyl radical flux at the substrate surface is sufficient for the Harris mechanism to
predict the measured growth rate.

We have modelled the dc-arc-jet of Salder and Sharple~s (5) to take advantage of
the laser-induced fluorescence measurements of the gas phase temperature by Raiche,
et al. (13). This measured gas temperature is used as a boundary condition for our
chemical mechanism. We find that the reactions of atomic carbon are quite important in
this environment. The primary reaction path for the loss of carbon atoms is addition to
molecules with carbon-carbon double bonds to form hydrocarbon molecules with iee or
more carbon atoms. A surprisingly large fraction of the carbon feedstock is converted to
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these polyatomic hydrocarbon molecules even though the gas residence time in this
reactor is quite short. We do not p-redict enough methyl radicals at the substrate surface to
account for the measured growth rate with the Harris mechanism. However, Goodwin
(14) has recently considered this same environment. His results lead him to the opposite
conclusion; he finds enough methyl radicals at the surface for a growth rate consistent
with the measured value. Differences between the two models will be discussed after
presenting the results of our calculations.

Chemical Model

For the purpose of calculating spatially-resolved species concentrations in the
plasma torch system, we assembled a chemical mechanism of 15 species with 42
elementary chemical reactions whose interconnecting rate expressions are integrated
integrated using the CHEMKIN code (15). Ion chemistry in the arc, diffusion in the jet
and boundary layer, and gas surface chemistry at the substrate are not included. To solve
this constant pressure, varying temperature problem, a temperature distribution is
imposed. Our temperature profile b-,gins with 300 K feedstock gas, rises to a constant
5000 K in the plasma arc itself, falls to 2100 K at the boundary layer (13), and 1200 K at
the substrate surface (5). The temperature in the arc is estimated from emission
measurements and is consistent with the temperature expected in a fast flow I kW arc. At
the position of the boundary layer above the substrate, 1 cm down stream from the nozzle
exit of the arc, Raiche et al. (13) measured the gas temperature by CH laser-induced
fluorescence. Linear cooling is assumed between the arc and the boundary layer and
between the boundary layer and the substrate surface.

Figure 1 shows a schematic view of the gas flow, temperatures, and estimated the
residence times. The measured flow rate of 0.45 moles/min, 235 Torr gas pressure, and
the geometry of the arc leads to an estimate of 1.5 ps residence time in the arc. The
pressure drop across the arc is 15 Tor, and the hot gas exits with an estimated velocity of
2 x 105 cm/s. Optical emission measurements show that the diameter of the jet expands
from 0.2 cm at the orifice to 0.3 cm at the substrate. The mean axial velocity between the
nozzle and substrate is 1.7 x 105 cm/s, and the transit time from the arc to the boundary
layer at 2100 K is an additional 6 Is. Although these velocities are large, they are
subsonic in the hot hydrogen gas.

- Near the stagnation point, we estimate the thickness of the boundary layer
8 -4 t4p-.a where lai and p.. are the gas viscosity and density, respectively, a - 2u/R
where u is the mean axial jet velocity and R the jet radius. (This estimate for the
boundary layer is identical to that of Goodwin (14), although we find a - 4 x 106/s
where he used a - 106/s.) This leads to a boundary layer thickness of 0.007 cm for this
fast flow condition. We estimate a diffusion time of 22 lis from the top of the boundary
layer to the substrate.

It should be emphasized that the purpose of this calculation is not to simulate the
precise physics and chemical profiles in the boundary layer. It is rather to determine
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which carbon-containing species could be present in sufficient quantities at the surface of
the substrate to account for the observed diamond growth rate. Thus, our goal is to
assess whether significant gas phase reactions are likely in the boundary layer region
when the time scale involved is dominated by thickness and diffusion.

The reactions and their rate constants used in the mechanism are given in Table 1.
The basic mechanism is that used by Frenklach (17) to describe hot-filament reactor
chemistry. We have supplemented this with chemistry of less hydrogenated species,
drawn from other sources and our own rough estimates. The extensive polycyclic
aromatic hydrocarbon(PAH) mechanism of Frenklach (11) has been omitted. However,
we have represented formation of PAH precursors by including a single, irreversible
reaction between carbon atoms and acetylene to form C3H (referred to as "pre-PAH").
Carbon atoms are then allowed to irreversibly add to the pre-PAH to form molecules with
up to six carbon atoms. All other reverse rates are calculated from the Sandia
thermodynamic data base (18) through equilibrium constants. For the critioal hydrogen
dissociation/recombination reactions, the recommendation of Cohen and Westberg (19)
was followed. Hydrogen atom abstraction of hydrogen from vinyl, present in low
equilibrium amounts from the major species acetylene and H, forms a second (chaperon)
mechanism for this recombination.

Results and Discussion

Calculated mole fractions versus reaction time for selected species are shown in
Figure 2. In the arc, methyl radical are rapidly produced and consumed, and have a
0.1% mole fraction at the beginning of the jet region; note that the total methane in the
feedstock only has a mole fraction of 0.5%. The extent of the decomposition in the arc is
exemplified by the CH which has a concentration exceeding CH3 at the nozzle. Both CH
and CH3 decline in the jet to 30 ppm levels at the beginning of the boundary layer.
Atomic carbon and acetylene concentrations increase in the jet to significant 0.1% levels,
with the subsequent pre-PAH growth also evident. These trends, particularly for
pre-PAH growth, persist into the boundary layer simulation. Calculated concentrations
of carbonaceous species other than C, C2H2, PAH, and CH4 are relegated to sub-ppm
levels at the substrate surface. No kinetic trends from the jet portions of the model appear
to be significantly reversed iq the boundary layer region. The general features observed
are not qualitatively altered if we use a temperature of 3500 K for the arc region instead
of 5000 K.

Table 2 lists calculated mole fractions for many of the species at the boundary
layer and substrate surface, as well as the equilibrium concentrations at the appropriate
temperatures. The persistence of nonequilibrium concentrations of radicals, particularly
atoms, clearly shows kinetic control of the gas phase chemistry. In particular, there are
very large nonequilibrium concentrations of hydrogen atoms due to the slow rate of
termolecular atomic recombination. The decay lifetime in the boundary layer region is
roughly 100 ps. This high hydrogen atom concentration in turn controls the carbon
chemistry.
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Because carbon atom reactions are often neglected in models of both combustion
and diamond CVD, its high concentration may appear surprising. Carbon is produced by
the H + CH reaction, but the reverse loss reaction is 23 kcal/mole endothermic. We
predict large conversion of the methane to carbon atoms in the superequilibrium of
hydrogen atoms. At cooler temperatures removal by the endothermic reaction with H2
will be slow. Superequilibrium amounts of carbon atoms persist, removed mainly by the
postulated reaction with acetylene and further addition reactions which lead to PAis.

Acetylene itself is observed to rise through the jet region. It is important to
include many combination reactions between the various carbon radicals, steps not
normally found in many combustion or pyrolysis mechanisms. The decline observed in
the boundary layer is from pre-PAH formation. A more precise prediction of both
acetylene and larger species requires a more complex mechanism (11). PAis with 4 to 5
rings have been observed (21) in the arc jet plasma by laser-induced fluorescence, and
thus the predicted growth of the pre-PAHs in the model is satisfying.

Methyl radicals are often considered the key diamond growth species, but
according to the arc torch chemistry model their concentration declines continuously
beyond the arc. Production rates remain low because the high concentrations of
superequilibrium carbon atoms are unreactive. Since equilibrium in the system favors
methane, there is a strong driving force converting whatever methyl is formed in the
boundary layer irreversibly to methane. (Calculated methane concentrations increase
through the boundary layer region.) Also, the superequilibrium hydrogen atoms destroy
methyl by the H + CH3 reaction.

A 100 pVnmin growth rate over our area is an atom deposition rate from the torch
of 1.5 x 10.6 mole/min. For our flow, this requires the active species have at least .001
of the total carbon, or greater than 5 ppm of the total flow. Atomic carbon, acetylene,
pre-PAH and methane are the only other species at the substrate which meet this criterion.
Methyl radicals have a concentration a factor of 20 too low. Since we neglect impoktant
diffusion effects, we might estimate an upper bound of that simplification by averaging
the calculated methyl throughout the boundary layer. The resulting 5 ppm average
concentra on requires a unity probability for the conversion of CH3 to diamond carbon.
Thus, we conclude that our model does not predict sufficient methyl radical concentration
for the Harri3 mechanism to account for the measured diamond growth rate.

These results strongly suggest carbon atoms could contribute to diamond growth
in the arc-jet plasma. There is a chemical precedent; carbon atoms are known to react
with hydrocarbons by insertion into C-H bonds (20). Except for acetylene, and perhaps
some of the larger species grouped together as pre-PAH, no other carbon species carries
enough ca-bon to the surface to account for the observed growth rates from our arc under
these conditions.

Goodwin (14) has recently reported modeling calculations on the same plasma
torch experiment. His results indicate enough methyl (100 ppm) is present at the
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substrate surface to account for the observed growth rates. We do not understand the
origin of: the differences between our predictions and Goodwin's. His model has a much
better treatment of the fluid flow, diffusion, and surface reactions. However, it is not
clear that the improved fluid mechanics is the source of the difference in our conclusions.
We find hat the chemical mechanism has profound impact on our prediction; for
example, the use of our conventional flame mechanism which neglects atomic carbon
predicts 20 ppm methyl at the substrate. We are unable to assess the differences in the
chemical mechanisms, as Goodwin could not list his chemical mechanism within the
length restrictions of a letter.

We draw five conclusions. First, our gas phase chemistry model does not predict
eInougn methyl radicals at the substrate to account for the observed growth rate using the
Hrrris mechanism. Second, if our chemical mechanism is equivalent with Goodwin's,
then fluid dynamics and surface chemistry can increase the CH3 concentration by a factor
of 500. Third, omission of :'.e additional chemistry from the mechanism increases the
methyl radical concentration by more than a factor of 100. Fourth, in the arc-jet-plasma,
carbon ms are present in such excess that their addition to C-H bonds on the surface
must be considered. Fifth, a surprising amount, more than half, of the carbon in the
feedstock grows into polyatomic hydrocarbon molecules.

*Supported by the Army Research Office.
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Table 1
Reaction Mechanism

Reaction A n E Source
(cc/mole) (cal/mole)

01-4 +M -)C13+ H +M 1.300E +33 -. 73 106600. F
CF-13 + H2 ++ 0114 + H 2.800E + 04 2.50 9400. F
CH-3+M4-*CH2+H+M 11.0OE +16 0.00 90500. F
C0H3 +HH 4CH2 + H2 1.800E + 14 0.00 15000. F
CH 2 +H4.sCH+H 2  4.00E + 13 0.00 0.00 F
CH 2 +CH2-.C21-2 +H +H 1.000E +14 0.00 0.00 F
CH3 +CH2 -C21-4 +H 5-OOE +13 0.00 0.00 F
CH3 +CH3*4CH4 +CH2 1.700E +09 0.56 12600. F
CH3 +CH3 2-lsH+ H 5.OOOE +12 0.10 10600. F

C21-6 + M ++ CH-3 + 01-3 + M 2.500E + 37 -04.6 98500. SJ
C21-6+ M ++ C21-5 +H +M 7.700E +35 -4.43 107000. Sj
C2146 +H -+C21-5 +H2 5.400E +02 3.50 5200. F

C21-16+CH3 +)C14 +C21-5 5.500E-01 4.00 8300. F
C21-6 +CH2 ++C21-5 + H3  &.500E +12 0.00 7900. F
C21-5H +4C21-4 +H2 3.OOOE +13 0.00 0.00 F
C2145 +M +C21-4 +H +M 2-400E +36 -5.36 41800. F
C21-4 +CH3+-) C21- 3 +CH 4  4.400E-04 5.00 8300. F
H+H+H4-+H2+H 3.200E +15 0.00 0.00 OW
H+H+H24H2+H2 9-700E +16 -0.60 0.00 OW
C2P- +M4-*C2H+H+M 4.200E +16 0.00 107000. TG
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Table 1
(Continued)

Reaction Mechanism
Reaction A n E Source

(ccmle) (ca Vmole)

C21-1+C21-3 +-fC21-2 +C21-2 1.OOO12+ 13 0.00 0.00 SJ
C"M+M"-C2H2+H+M 4.OOOE +35 -6.17 50700. SJ
C21-3 +H +-oC21-2 +H2 3.O0E + 13 0.00 0.00 SJ
C2H3 +C2H 3 ++ C2H4 +C21 2 1,OOE +13 0.00 0.00 SJ
C2H4 +M C*2H 3 +H +M 2.600E +17 0.00 96600. W
C21-14+M+.C21-2 +H2 +M 2.500E +17 0.00 79350. W
C21-4 + H4C2H3 +H2 1.5002+ 14 0.00 10200. W
C214+ C21-H4 C21-3 +C21-2 2.OOOE + 13 0.00 0.00 SJ
C21-1+H24.C21-2 +H 4.100E +05 2.40 660. MB
C +CH3 +4 C21-2 +H 6.OOOE +13 0.00 0.00 MB
CH +CH2 -C21- 2 +H 4.000E +13 0.00 0.00 MB
CH +CH3-*C21-3 +H 3.00012 + 13 0.00 0.00 MB
C +CH2 +*C2H +H 6.OOE +13 0.00 0.00 MB
CH+H4-*C+H2 1.500E +14 0.00 0.00 MB
C+0H4-)C2+H 5.OOOE +13 0.00 0.00 SJ)
C2+H 2H-C2H+H 4.000E +05 2.40 1000. SJ
CH+CH4-.C2.H2 5.OOE +12 0.00 0.00 S.)
CH+CH+C2+H+H 5.OOE +13 0.00 19000. SJ
C+C+M44OC2+M 3.OOOE + 14 0.00 -1000. SJ
C+H+M4-*CH.M 3.OOOE +14 0.0 -1000. S.)
C +C21-2 -*"pr-PAH*+ H 2.OOOE +13 0.0 0.00 SJ
C + "pre-PAH" -+ "pre-PAH" 2.OOOE + 13 0.0 0.00 SJ

W 22 J. Wamnatz, In Con-buuton CheVst, ad by W. C. Gardner Jr,, Springer, New York,
1984, pp 1773.

SJ This work.
MB 23 (Miller & Bowman, Prog.En.Comb.Scl. 15, 287 (1989)).
F 17 (M.Frenklach, J.Appl.Phys. 65, 5142 (1989). (main text)).
CW 19 (N.Cohen & K.Westberg, J.Phys.Chem.Ref.Data 12, 531(1983) (main text)).
7G 24 (T.Tanzawa & W.C.Gardner, 17th Com.Symp. 583 (1979)).
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- Table 2
Calculated Mole Fractions

Boundary Substrate Equilibrium
species Laver Surface O/c2100 K 1200 K

H .406 .355 .005 400 ppb
H2 .590 .643 .992 .995
0 .0021 890 Ppm .22 1 ppb

C2p IlPM10ppb 5 Ppm .1lppb
CH 42 ppm 500 ppb 120Oppm 2 ppb
OH2  22 ppm lS0 ppb 36 Ppm .1lPPM
CH3  24 ppm 240Oppb 60 ppm l5 Ppm 40 ppb
CH4 9 ppm 21 ppm .005 1 Plpfl .005
C2H 30 ppm 15 ppb 10 Ppm .4 ppm
C2H2 670 ppm 428 ppm .11 .0024 150 ppb
'pre-PAH" 125 ppm 720 ppm .67

AM 00K

J30

time.. P rpesns h peuro

Fig.1. cheati o he as lowthrogh ig.2.rmadione cofncretrosbon ralectl

as described in the text.
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OBSERVATION OF OH RADICALS IN A FILAMENT-ASSISTED
DIAMOND GROWTH ENVIRONMENT*

Ulrich E. Meier,* Lukas E. Hunziker,
David R. Crosley, and Jay B. Jeffries

Molecular Physics Laboratory
SRI International

Menlo Park, CA 94025

The first observations of the hydroxyl radical in a hot filament
assisted diamond growth environment are presented. Laser-induced
fluorescence (LIF) is used to make in situ, nonintrusive,
measurements of the spatial distribution of OH concentration near
the filament as a function of feedstock composition, reactor
pressure, and filament temperature. LIF measurements of the OH
rotational level population distribution are used to determine spatially
resolved gas temperature.

Introduction

The addition of oxygen to the feedstock gases for diamond CVD can have a
profound effect on the quality of the resulting diamond film. Kawato and Kondo (1)
found the deposition of graphitic or amorphous carbon could be suppressed. Several
studies (2-5) of microwave diamond CVD have found that oxygen addition can extend the
range of conditions which produce diamond film. For example, Liou et al. (5) found that
the addition of oxygen allowed them to significantly reduce the substrate temperature. All
these studies (1-5) find that the diamond growth rates can be varied and the quality of the
film significantly improved by the addition of 02.

The influence of oxygen on the gas composition of hot filament diamond CVD
has been investigated using in situ mass spectrometry by Harris and Weiner (6). They
find that oxygen addition can convert a significant fraction of the hydrocarbons to CO and
H2. They model the gas chemistry with added oxygen and find good agreement with
their measurements of CO, C2H2, and CH4. They postulate that the addition of oxygen
produces "sufficient gas phase OH to remove the nondiamond (pirolytic) carbon from the
film (6)." Frenklach and Wang (7) have introduced oxygen into their detailed model of
hot filament assisted diamond growth. They find the oxygen addition has two significant
effects: 1) formation of aromatics is suppressed by the oxidation of the carbon to CO and
2) the gasification of deposited sp2 phase carbon by OH radicals.
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We have observed hydroxyl radicals in our hut filament reactor using laser-
ind',ced fluorescence (LIF). LIF has four rincipal advantages for the detection of
chv mically reactive radical species like OH lirst, the LIF measurement is selective, . Ach
srecies has its own definitively characteristic excitation and detection spectra. Second,
the measurements can be performed in sltu without inserting physical probes into the
plasma or extracting any of the plasma gases. Third, LIF is quite sensitive: ppb detection
limits of OH are quite feasible. Fourth, the measurement is spatially resolved; signal is
observed only from the intersection of the laser beam and fluorescence collection viewing
region.

LIF measurements of the rotational population distribution in OH are used to
determine gas temperatures as a function of pressure and distance from the filament The
OH concentration is measured as a function of reactor pressure, feedstock composition,
and filament temperature. These measurements show that OH is indeed present in hot
filament diamond CVD reactors which use H2-CH4-0 2 mixtures.

Experimental Method

The hot filament reactor is constructed inside a 30 cm vacuum chambe. with a
feedstock inlet 5 cm above the filament and gas exhaust 10 cm below. Figure I is a
schematic drawing of the experimental arrangement showing the hot filament and the
optical collection geometry. A 0.04 cm diameter, 3.3 cm long tungsten wire is mounted
on molybdenum posts and is heated by direct current to temperatures 2300-2800 K as
measured by an emission corrected optical pyrometer. The filament and gas inlet is
mounted on a vacuum manipulator which allows us to alter the laser beam to filament
distance with fixed optical collection. The laser enters the chamber through Brewster
angle windows, and the fluorescence is collected f/5 at right angles to the laser beam.
The excitation laser is aligned along the filament. Fluorescence from molecules excited
by the laser is collected, and passes through a spatial filter which limits the field of view
to a region 0.5 cm along the laser beam and 0.1 cm perpendicular to the beam. The light
is then spectrally filtered with a uv pass filter (Schott UG5) and a 0.25 m
monochromator, and detected on a photomultiplier, whose signal is integrated on a
boxcar integratcr and linearly averaged by a laboratory computer. The spatial filter
eliminates much of the emission from the hot filament. At positions near the filament,
significant scattered laser light is observed. To avoid much of this scattered light and
improve the signal/noise ratio of the LIF measurements, the 40 ns wide boxcar gate is
delayed 50 ns with respect to the laser pulse.

To obtain an LIF signal, the laser wavelength is tuned to a hydroxyl absorption in
the 0-0 band of the A2L+-X 2fli electronic transition near 308 nm. When the laser
wavelength coincides with a specific rotational transition, OH radicals absorb a laser
photon and are excited to the A state. These excited molecules can radiate, undergo
energy transfer collisions to other rotational levels which subsequently radiate, or be
colisionally quenched. The fraction that radiate is called the quantum yield, and this
fluorescence is the LIF signal. An example of the OH LIF signal in the hot filament
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reactor is shown in the upper panel of Figure 2. The laser wavelength is scanned through
a series of transitions; the wavclength of the observed features and their identification (8)
shown above the upper panel unambiguously identify the LIF signal as originating from
OH radicals.

Quantitative relative OH concentrations can be inferred from the signal intensity,
gas temperature, density, and composition. The LIF signal is the product of the excited
state number density Ne and the quantum yield 0. The laser excites molecules with a rate
dNe/dt - BILNgf, where NS is the ground state concentration, f the Boltzmann fraction of
population in the absorbing rotational level, B the Einstein absorption coefficient, and IL
the laser intensity. The quantum yield for the LIF is 0 - A/(A+Q), where A is the
Einstein A coefficient and Q is the collisional quenching rate. Q = EcQjni where the sum
is over all the species in the gas, ki is the quenching rate constant for the ith species, and
ni the species concentration. Rate constants for OH quenching as a function of
temperature for a variety of colliders including atomic hydrogen have been meaured in
our laboratories (9-12). The quenching rate constants for 02, ML4, and H2 differ less
than a factor of two and that for atomic hydrogen is at most a factor of five larger at
1200 K. Harris and Weiner (13) find that less than 1% of the gas in the hot filament
reactor is atomic hydrogen. Thus, to calculate Q we use kQ for H2 and n equal to the total
density.

Gas temperature is an important parameter in the conversion of the LIF signal to
OH concentration. Both the excitation rate dNe/dt and the quantum yield 0 are
temperature dependent. The laser excites molecules from a single rotation level from the
Boltzmann population distribution over all the rotational levels. Thus, dNe/dt depends
directly on f(T. The quantum yield has temperature dependence in both kQ and n. The
pressure is constant in the hot-filament reactor, so n is simply proportional to 1/T. kQ for
hydrogen declines -25% over the temperature range in the hot filament reactor, we
calculate the quenching corrected relative concentrations from high temperature quenching
measurements (11).

The gas temperature is deduced from LIF measurements of the rotational
distribution; this distribution is deduced from a laser excitation spectrum like that shown
in Figure 2. The signal intensity for each transition is divided by the degeneracy and
rotational line strength, and ln(I/Bg) is plotted versus the rotational energy of the ground
state rotational level. The lower panel of Figure 2 shows such a Boltzmann plot for the
spectrum in the upper panel. The straight line indicates that the distribution is well
described by a temperature, and the slope of the line is proportional to 1/T. The 0-0 band
of OH extends over a broad spectral range near 308 nm. This broad bandwidth requires
the photo detector to have a uniform response over the 306-321 nm to avoid spectral bias
errors in the temperature. We construct a spectral filter with a trapezoidal bandpass from
a small (0.25 m f..) monochromator by setting a narrow (0.05 cm) front slit and the
broad (0.5 cm) exit slit. Systematic errors in OH LIF temperature determination from
spectral bias are discussed in detail in Ref. 14.
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Results and Discussion

The gas temperature measured by LIF is significantly lower than the temperature
of the hot filament. The data in Figure 2 are taken at 30.9 Tort, 1.1 mm from a filament
at 2750 K. The slope of the Boltzmann plot in the bottom of Figure 2 gives a best fit of
1541 : 88 K. The feedstock gas is H2 with 0.5% CI4 and 0.5% 02. This temperature
difference is slightly greater than observed with thermocouple measurements by Harris
etal. (15). They measured 1800Kin thegas I mm from a2600 K filamenL The
thermocouple measurements were not corrected for radiation. One would expect radiative
heating of a thermocouple in close proximity to the brightly glowing hot filament, and
thus a lower actual gas temperature.

The gas temperature depends on the reactor pressure. Figure 3 shows the OH
LIF temperature as a function of distance from a 2600 K filament at hydrogen pressures
of 4.4, 10.4, and 30.9 Ton'. Again the added methane and oxygen are 0.5% each. The
temperature gradient is in good agreement with Harris et al. (15). Both of these
experiments measured the gas temperature without a substrate. With a substrate at
80-1200 K temperature and a distance from the filament of 0.5-2 cm we would expect
hi even steeper temperature gradient than shown in Figure 3. A temperature gradient
which depends on substrate distance has been observed (16).

The relative OH concentration versus distance from the filament is shown in
Figure 4. These data at 30.9 Ton are representative of the data over the entire range
4-30 Ton. The OH falls rapidly for 4-6 mm to 10-20% of the peak OH observed. The
lower concentration is then nearly constant to distances of 1 cm. Note that the data in
Figure 4 have been corrected for temperature dependent quenching of H2 and the
variation in Boltzman fraction, using the temperature gradient in Figure 3.

The OH concentration is strongly dependent on reactor pressure. The OH
intensity exciting the R1(3) line falls by a factor of 40 from 4-25 Toff. The LIF signal
depends on the product of OH number density and quantum yield. In the limit Q>>A,
0--/Q and Q is proportional to gas pressure. Thus, for a constant mole fraction of OH
in the limit where most of the excited molecules are collisionally quenched, the OH LIF
signal is independent of pressure. Thus, the rapid drop in OH intensity is surprising and
indicates that the mole fraction of OH declines with reactor pressure. Using the data in
Figure 3 to predict the gas temperature as a function of pressure and correcting for
quenching by H2, the we find the OH mole fraction declines by a factor of 30 as the
reactor pressure rises from 4 to 25 Tort.

Figure 5 shows the variation in the relative OH ,.oncentraion as a function of
added CH4 and 02. The OH concentration does not ,depend on the amount of added
CH4, as shown by the triangles in the figure for C. 1% of added 02. However, the OH is
quite dependent on the amount of added 02; increasing the 02 by a factor of four
increased the OH by a factor of 14. This large variation is expected; Harris and
Weiner (6) predict a factor of 6 increase in the OH at 7% CH4 when the 02 is increased
from 1-3%.
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Summary

We have observed LIF from OH radicals in a hot filament diamond CVD reactor
in a mixture of H2, CH4 , and 02. We find the gas temperature is significantly cooler than
the filament temperature. The gas temperature increases with increasing pressure The
OH mole fraction declines significantly with irncraing reactor pressure. The OH
concentration does not depend on the amount of added methane, but is strongly
dependent on added oxygen.
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Fig. 1. Schematic diagram showing the orientation of the laser beam, hot filament, and optical
collection.
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Fig. 2. Left OH LIF rotational excitation spectrum taken 1.1 mm from a 2750 K filament in 30.9 Torr
H2 with 0.5% CH4 and 0.5% 02.

Right: Boltzmann plot of the relative rotational level populations determined from peak height
analysis of the spectrum in the top panel. The best fit slope gives T w 1541 + 88 I
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ACETYLENE PRODUCTION IN A DIAMOND-PRODUCING
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R.A. Rudder, G.C. Hudson, J.B. Posthill, R.E. Thomas, and R.J Markunas
Research Triangle Institute, P.O.Box 12194, Research Triangle Park, NC 27709
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ABSTRACT
We have examined using quadrupole mass spectroscopy the pro-
duction of acetylene molecules under diamond growth conditions
wherein no acetylene was introduced. There are two pathways
available for the production of acetylene. One path for acetylene
production is through conversion of CH4 into C2H2 in the high
temperature plasma region. The other path for acetylene produc-
tion is through gasification of the graphite. In the pressure range
from 1 - 10 Torr using a rf plasma discharge, the graphite gasifica-
tion is the dominant path and the diamond deposition rate
appears to correlate fairly well with the acetylene concentration in
the reactor. The correlation can be understood by considering the
acetylene production rate to be proportional to the atomic hydro-
gen flux to the graphite susceptor and, hence, to the atomic hydro-
gen flux to the diamond growth surface.

Introduction

Many workers are studying the importance of acetylene and methyl radicals
in the vapor phase growth of diamond. Techniques such as infrared diode laser
absorption spectroscopy and multiphoton ionization have been used to examine
the gaseous environment of the diamond deposition(1). Other workers have used
isotopic labeling to identify the parentage of carbon atoms deposited as dia-
mond(2). In this work, we have used quadrupole mass spectroscopy to monitor
acetylene production during diamond deposition in a low pressure rf-plasma
chemical vapor deposition environment. We find that there are two channels
for acetylene production, one via conversion of CH4 into C2H2 and second via
gasification of graphite into CH 2 . By realizing that a requirement for graphite
gasification is the atomic hydrogen flux to the graphite surface, mass quadru-
pole spertroscopy of the gasification products has been able to demonstrate that
the diamonk: deposition rate is proportional to the atomic hydrogen flux.
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Experimental Approach and Results
Dilmond depositions have been accomplished in a low pressure rf plasma

assisted chemical vapor deposition system using 1% CH4 in H2 gas at pressures
from 1 - 10 Torr. Details of that reactor and the growth process have been pre-
viously reported(3). The vacuum system for diamond deposition is shown
schematically in Figure 1. It consists of a stainless steel 150 mm conflat flange
6-way cross upon which the reactor tube, pumps, control orifice valve, vacuum
gauges, quadrupole mass spectrometer, and load lock are appended. Samples
are introduced into the reactor on a graphite carrier/susceptor through a
vacuum load lock, transferred horizontally onto a heater stage, and raised verti-
cally into the quartz reaction tube. The reaction tube consists of a double-
walled 50 mm inside diameter quartz tube sealed to the stainless chamber by
compression viton o-ring seals. The reactor tube is water cooled through the
use of a heat exchanger which maintains the water temperature at 15 * C. A 8
mm water-cooled copper tube formed into a 3-turn helix 100 mm long provides
the inductive coupling from the rf generator to the discharge. The rf power
output from a power amplifier tube couples to the plasma using a LC resonant
circuit with the plasma coil constituting the inductive component. The vacuum
system is evacuated by a Balzers 500 I/s corrosive series turbomolecular pump.
The pressure of the reactor is 1.0 X 10- 7 Torr prior to introducing the reactant
gasses.

Conditions for diamond growth are given in Table I over the presure range
from 1 - 10 Torr. Note that the temperature of the hydrogen plasma has been
calculated from the relative emission intensities of the atomic hydrogen Balmer
series assuming a Boltzman distribution and collisionless lifetimes. These
assumptions may be in error, but this calculation allows some internal standard
for the power input to the plasma.

Table I

Estimated Tplasma
Pressure Flow rate (seem) rf power (w) (K)

1 1.3 400 3420
3 3.8 660 3350
5 6.3 1000 3200
7 8.8 1800 3200
10 12 5 2400 3270

One notices that the pressure in this series is varied by maintaining a constant
pumping speed and reducing the gas flow into the reactor. The estimated
plasma temperature remains constant throughout this pressure range despite
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the 6-fold increase in power input. Without this increase in power at the higher
pressures, it would not be possible to maintain the atomic hydrogen emission.
This increase in applied power also increases the substrate temperature. The
substrate temperature varies from ;650 * C at 1.0 Torr to -850 C at 10 Torr.

Following deposition, films were analyzed using scanning electron micos-
copy (SEM) and Raman scattering spectroscopy. Cleaved sectional analysis in
the SEM was used to ascertain diamord deposition rates at the different pres-
sures. We assumed the deposition rate was linear in time. The silicon substrates
used in this work were diamond polished prior to introduction into the reactor
to provide immediate nucleation sites.

SEM micrographs show that the deposited films are polycrystalline showing
well-defined faceting. The crystallite sizes vary from 0.5 - 2.5 pm. The crystal-
lites appeared to have nucleated at point sites upon which growth proceeded 3-
dimensionally into a continuous film. Raman spectra for the complete series are
given in Figure 2. All samples display a 1332 cm- 1 diamond Raman line. Sam-
ples grown at lower pressures show more non-diamond bonding. It is not clear
at this point if the appearance of the non-diamond bonding components (i.e. the
appearance of Raman features between 1500 and 1600 cm- 1) is due to a reduc-
tion in pressure or a reduction in substrate temperature. It is clear that all con-
ditions produced diamond from the gas phase using the low pressure rf-plasma
system.

The environment of the diamond g th was probed by mass spectroscopic
analysis of gasses downstream from the sma region. Samples were positioned
near the rf coil on a graphite susceptor. By comparing the C2H2 production
observed with the graphite susceptor removed from the discharge tube to the
C2H2 production when the susceptor was positioned near the rf coil, one can dis-
tinguish CH4 conversion to C2H2 in the gas phase from gasification of the gra-

phite to C2H2 at the susceptor surface. (It should be noted that these experi-
ments were performed when the plasma tube was fairly clean of carbon deposits.
The graphite susceptor represents the largest source of solid carbon exposed to
the plasma.) Figure 3 shows the conversion of CH4 to C2H2 as a function of total
pressure when the graphite susceptor is not present in the reactor. This figure
shows a nearly constant ratio of CH 4 to C2H2 across the pressure series. Given
that two CH4 molecules are necessary for C2H2 production, we conclude that
approximately 60% of the CH4 is converted into C2H2. Figure 4 shows the
observed C2H2 production when the graphite susceptor is inserted 3.0 mm below
the rf coil with 1% CH 4 in H2 discharge. There is a pronounced pressure depen-
dence to the C 2H2 production. At 3 Torr, there is approximately 4 times more
C2H2 partial pressure in the reactor with the graphite susceptor present than
there was with the graphite susceptor absent. More C2H2 is produced at 3 Torr
by graphite gasification than is produced by CH4 conversion into C2H2.
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It is interesting to compare the diamond deposition rate with the C2H2 pro-
duction rate. Figure 5 shows the growth rate as a function of pressure for this
series. We find that the deposition rate is a maximum for a pressure of approxi-
mately 3 Torr., A comparison with Figure 4 shows that the deposition rate and
the C2H12 production rate both show a similar dependence on reactor pressure
with the highest deposition rate and the highest C2H2 production rate occuring
at 3 Torr.

Discussions and Conclusions

This work shows an apparent correlation between the deposition rate of
diamond and rate of gasification of the graphite susceptor into C2H2 . Perhaps,
the growth rate of diamond is inhibited by graphitic sites which must be
removed before diamond can propagate. Hence, growth conditions which
rapidly gasify graphite, remove graphitic sites from the diamond surface allow-
ing diamond growth to propagate. Mucha et al.(4) used similar arguments to
explain higher effective growth rates in microwave CVD experiments when alter-
nating cycles of H2 and CH4 were introduced into the reactor. Alternatively, the
C2H2 radical may be promoting diamond growth as Frenklach et al.(5) have sug-
gested. Thus, higher concentrations of C2H2 in the gas phase may be responsible
for the higher growth rate.

The work of Balooch and Olander(6) yields considerable insight into the
data presented in this paper. Balooch and Olander showed that the gasification
products observed when atomic hydrogen interacts with pyrolytic graphite are
distinctly different depending on the temperature of the graphite. At tempera-
tures below 550 C, the primary product was CH4. At temperatures above
900 C, the primary product was C2H2. Balooch and Olander argued that in the
intermediate temperature range H atoms recombined on the pyrolytic graphite
surfaces without substantial graphite gasification. In the pressure series reported
in this paper, the graphite susceptor is certainly above 550 C. We, as Balooch
and Olander, do observe C2H2 as a by-product of atomic H with graphite. We
are able to deposit diamond films in the intermediate temperature range where
atomic hydrogen is not as efficient in dissolving graphite. It should be noted
that the flux of atomic hydrogen present to a diamond CVD growth surface is
orders of magnitude higher than the fluxes used by Balooch and Olander. Con-
sequently, graphite removal from a diamond CVD growth surfaces with atomic
H is undoubtedly possible.

The production of C2H2 from a graphite surface at elevated temperatures
will be proportional to the atomic hydrogen flux. If one interprets the C2H2
production rate shown in Figure 4 as proportional to the atomic hydrogen flux
to the graphite surface and hence to the diamond CVD growth surface, then one
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concludes that the atomic hydrogen flux to the growth surface is a strong func-
tion of pressure. Hence, the correlation between diamond growth rate and ace-
tylene production is more concisely a consequence of the differing atomic hydro-
gen fluxes. The higher fluxes of atomic hydrogen dissolve graphite and promote
diamond bonding. These results are strong support for the work of Yar-
brough(7) showing that at high atomic hydrogen concentrations diamond pre-
cipitated as the stable phase.
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QUANTITATIVE ANALYSES OF THE GASEOUS COMPOSITIONDURING FILAMENT-ASSISTED DIAMOND GROWTH

W. L Hsu
Sandia National Laboratories

Livermore, CA 94551-0969

ABSTRACT

The concentrations of H, CH3 and other stable species in a hot-filamentreactor have been measured quantitatively under diamond growth conditions.The two radical species have mole fractions in the range of 10-4- 10-3, whileCH4 and C2H2 have significantly higher levels. As the methane percentage Inthe feed gas was increased up to 7.5%, the concentration of H decreased by anorder of magnitude. Under the same conditions, the rate of film growth wasfound to Increase. This divergence of results suggests that H-induced surfacereactions are not the rate-limiting steps for film growth.

INTRODUCTION

Quantitative measurements of some gaseous species In diamond growthreactors have been reported in the past.1 - 3 These measurements are
generally limited to to a small set of species. In a previous paper wedemonstrated the use of a molecular beam mass spectrometry system whichhas the ability to detect a wide range of specles. 4 For this paper we will present
quantitative measurements of H, CH3, and other species in a hot-filament
reactor under diamond growth conditions.

EXPERIMENTAL PROCEDURE

Gas from the process chamber is extracted through a 300-gm diameterorifice. The gas undergoes free-jet expansion and forms a molecular beam inwhich chemical reactions amongst the molecules cease. This "freezing"process is necessary to ensure that the composition in the beam remains as itwas before the extraction. The beam is allowed to pass unobstructed to theIonization chamber where the species are ionized, mass analyzed, and thendetected. Ions formed by direct ionization of the radical species can bedistinguished from those formed by dissociative ionization of the parentmolecules by using the threshold ionization technique.4

A more detailed description of the procedure for deriving mole fractions isgiven elsewhere 5 ; suffices it to say that all signals are normalized to that ofargon, which is present as a diluent. The signal ratios, Ii/lAr , are related to themole fraction ratios, XI/XAr, by the sensitivity factor, Si,Ar. For stable species,
the sensitivity factors are determined by calibrating the signal ratios with known
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mixtures. For radical species, we use reported ionization cross sections to
determine the sensitivity factors.

In this paper we will show how the mole fractions of H, CH 3 , CH4 , and
C2 H2 vary with increasing addition of methane to the feed gas. Two types of
experiments were conducted: one in which the feed gas was pure hydrogen
(data shown in Fig. 1), another in which the feed gas was a mixture of H2, Ar,
and CH4. The methane percentage, f-100 x (CH4)flow.rate/{(CH4)flow-
rate+(H2)flow.rate+ (Ar)flow.rate), ranged from 0.4% to 7.5%. The filament was
a single strand of uncoiled tungsten wire 0.25 mm in diameter. The filament
temperature was monitored by a Williams 8120 two-color pyrometer and the
substrate temperature by a K-type thermocouple. During the experiment we
discovered that the resistance of the filament changed as we changed the
methane percentage. In order to obtain repeatable results we allowed 15
minutes for the resistance to stabilize every time we changed the operating
conditions. We also subjected each new tungsten filament to a carburization
procedure prior to data taking by heating the filament to 2700 K in a 7.5%
methane mixture for one hour.

RESULTS

Shown in Fig. 1 are the H mole fractions measured when only H2 was
fed into the reactor. The results are plotted as a function of the filament
temperature while the substrate was kept fixed at 1073 K. Also shown is a solid
curve which is the equilibrium H mole fractions calculated at the filament
temperature. The measured values are at least one order of magnitude less;
however, when compared to the equilibrium value at the substrate temperature,
the data are at least two orders of magnitude larger. In this sense, H in the
vicinty of the substrate surface is in "superequilibrium".

Now, let us add methane to the system. Shown in Fig. 2 are the mole
fractions of H, CH3, CH4, and C2 H2 as a function of the methane percentage in
the feed gas. The mole fractions of H2 and Ar remained essentially constant at
0.9 and 0.07, respectively, and are not shown. The experiments were
performed at a fixed pressure (20.25 Torr), a fixed filament temperature (2600
K), and a fixed substrate temperature (1073 K).. The flow rate of H2 and Ar was
fixed at 170.6 and 13.2 Pa-I/s, respectively, and only the feed rate of methane
was varied.

One of the most interesting features is the large decrease in the H-atom
concentration. At f=0.4%, the concentration was as high as when methane was
absent. When the methane percentage was increased to 7.5% the H mole
fraction dropped by an order of magnitude. Even more pronounced decreases
were observed at lower filament temperatures. At 2273 K, the H concentration
decreased by nearly two orders of magnitude over the same range of methane
percentage. Similar effects have been reported by Celil and Butler; 6 we concur
with their explanation that this behavior was caused by filament poisoning.
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Both methyl and acetylene are observei to behave similarly; the
concentration first Increased and then leveled off at high methane percentages.
At low levels of methane feed methane has concentrations lower than that of
acetylene, but it became the dominant hydrocarbon species as more methane
was fed into the system. The mole fractions have also been measured when
three parallel filaments, separated 0.5 cm apart, were used.5 This geometry
was used to simulate a planar filament source. The primary effect has been the
further reduction of CH4 relative to acetylene at low levels of methane feed. We
believe that in the single filament case, methane from the feed gas can flow
around the filament and remain unpyrolyzed. As one pulls the single filament
further away from the gas sampling pin-hole, one would expect to see an
Increasing CH4/C 2H2 concentration ratio; this behavior was Indeed reported by
Harris and Weiner.2 When the filament source approximated that of a planar
geometry, it was less likely for the methane that flowed around the edges of the
plane to reach the sampling orifice. Gas transport from the filaments to the
substrate thus approaches that of a one-dimensional flow problem.

The concentration of the three hydrocarbon species discussed has been
measured by Celii et al.1 using infrared absorption spectroscopy. To derive a
local concentration they divided the signal by an absorption pathlength given by
the diameter of the chamber, which is substantially wider than the extent of the
filament. For the two stable species, acetylene and methane, their values agree
with ours to within a factor of four. However, for methyl, their value is less by
nearly a factor of twenty. Since methyl is a radical species, it is probable that it
was more localized around the filaments than assumed.

Using the measured hydrocarbon species shown in Fig. 2 we can
perform an inventory analysis for carbon atoms. The mole fraction of carbon
atoms that have been detected is given by [CH3] + [CH4] + 2*[C2 H2], where the
[ ] indicate the mole fraction; the results are shown in Fig. 3. We see that we can
essentially account for all the carbon fed into the system and that the bulk of it
resides in the form of methane and acetylene. All other hydrocarbon species,
including those not yet detected, can only exist in trace amounts.

We have conducted a series of film-growth experiments. The
experimental conditions were identical to those set during the mole fraction
measurements. The films were deposited on Si <111> with the surface
scratched by 1/8-Irm diamond paste. After growth the wafers were fractured and
observed under a scanning electron microscope to obtain the film thickness.
The filhn growth rate was determined by dividing the thickness by the 24-hr
growth period. Examination of the film texture showed that the crystalline facets
became less pronounced a, higher percentages. From our past experience this
feature is generally assoca:rd with a higher content of amorphous or graphitic
carbon. 7 In our growth rate calculations we made no attempt to differentiate
between diamond and non-diamond materials.
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The growth rate is plotted as a function of the methane percentage In Fig.
4; it rises initially and then levels off. This behavior is in sharp contrast with the
trend for the H concentration curve, which is replotted In Fig. 4. The divergence
of the two curves Implies that the deposition of carbon (diamond and non-
diamond) is not rate-limited by H-induced surface reactions. Recent studies by
Raman spectroscopy have concluded that graphite Inclusion in vapor deposited
diamond films is rather low,8 especially when the methane percentage Is less
than 1% (our films deposited at 1% still showed a high degree of crystallinity). If
this is the case, then Fig. 3 would further imply that the deposition of diamond is
not rate-limited by H-Induced surface reactions.

Frenklach and Wang 9 have recently described a model of diamond
growth. In their studies the rate-limiting step for film growth was acetylene
addition (surface reaction step s5 in their model). However, they arrived at this
conclusion because they used substantially lower C2H2 and somewhat higher
H concentrations then what we actually measured. If our measured values are
used instead, their model would predict the rate-limiting step for film growth to
be the formation of sp3 radical sites by H abstraction (step sl in their model).
Our results show that this step cannot be rate-limiting. This disagreement,
however, does not necessarily mean that the basic structure of the model is
wrong, it can simply arise from an improper estimation of the magnitude of the
Involved rate coefficients.

We know from experience that the films grown at the higher methane
percentages have higher graphitic content and the observed decrease in H
concentration is consistent with the view that H Is necessary to remove graphite
t:.m the deposits.10

The trend of the growth-rate curve bears strong resemblance to the
methyl and acetylene mole fraction curves. However, the total change for
growth rate is less than x2, while that for acetylene is x3, and methy! more than
x5. The growth rate therefore does not scale linearly with any of the
hydrocarbon species.

We can determine tne flux impinging on the growth surface from our
measured results. For each hydrocarbon species with concentration, n, the flux
is given by nV/4, where 7 is the average velocity of the species at a temperature
given by that of the substrate. If the measured film growth were due solely to
each of the three measured hydrocarbon species, the required effective sticking
coefficient can be calculated. At fN0.4%, the sticking coefficients would be: CH3
-lx10 3 , CH4 -1.7x10 "4, and C2H2 -1x10"4 . Since the growth rate does not
rise as rapidly as the concentrations, all the calculated sticking coefficients
decrease at higher methane percentages.

220



SUMMARY

Absolute concentrations of H, CH 3 , CH 4 , and C2 H2 have been
measured under realistic diamond growth conditions In a hot-filament reactor.
The results are shown as a function of methane percentage in the feed gas,
which was varied within the range of 0.4% - 7.5%. Both acetylene and methyl
showed an initial rise and then leveled off at higher methane percentages. The
H-atom concentration showed an order of magnitude drop over the samie range.
This behavior, in conjunction with the knowledge that the content of non-
diamond material within the film rises, is in agreement with the view that H
atoms assist in graphite removal. The film growth rate was observed to
increase with methane percentage. At least at low levels of methane
percentages, where the films are expected to contain primarily diamond, the
results would Imply that H-induced surface reactions are not the rate-limiting
steps for diamond growth.
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TEXTURED GROWTH AND TWINNING

IN POLYCRYSTALLINE CVD DIAMOND FILMS

C. Wild, P. Koidl, N. Herres, W. Mllier-Sebert, T. Eckermann

Fraunhofer-Institut fOr Angewandte FestkOrperphysik OAF),
Tullastr. 72, D-7800 Freiburg, Germany

Abstract

The morphology and structure of polycrystalline diamond films
have been investigated for various growth conditions as a function of film
thickness. Samples exhibiting pronounced <100>, <110> and
< 111 > fibre textures have been studied. It is shown that growth starts-
from randomly oriented nuclei with the texture developing in the course
of film growth due to the competition between differently oriented grains.
Growth models are discussed relating the observed textures to the relative
growth rates of {100) and {111) faces and to twin formation during the
nucleation stage.

I. Introduction

The deposition of diamond from the gas phase has found tremendous interest
during the recent years (1, 2, 3). To date thin polycrystalline diamond films and
several 100 /sm thick free standing wafers are currently prepared using a variety of
chemical vapour deposition (CVD) techniques. The deposition rate, film uniformity,
crystalline structure and surface morphology of these diamond films depend strongly
on the growth technique and growth conditions. The correlation between growth
parameters and film properties has been the subject of many investigations.

It is known that one reason for the structural variability of polycrystalline
diamond films is the non-random orientation of the crystallites. Textured growth has
been observed by evaluating the surface morphology and the Bragg peak intensities in
X-ray diffraction (4-11). However it is only recently that attention has been paid to the
growth mechanisms leading to specific textures (8-11).

In the present paper we report on the growth of CVD diamond films exhibiting
pronounced fibre textures. By varying the growth conditions, texture axes with
different orientations (< 100 >, < 110 >, < 111 >) can be obtained. It will be shown
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that there are three basic parameters influencing the texture and thus the morphology

of CVD diamond films:

i.) the ratio between film thickness and average nuclei distance,

ii.) the ratio between the normal growth velocity on (100) and (111) faces,
and

iii.) the formation of twins on ( }11) faces.

II. Experimental

The samples under investigation were prepared either by hot filament assisted
CVD (HFCVD) or by microwave plasma assisted CVD (MW-PACVD). Additional
samples were provided by T. Anthony, General Electric, who used a combination of
both techniques (7). In the case of the hot filament assisted CVD we use a stainless
steel vacuum chamber with water cooled walls. The substrate is located on a
molybdenum holder, which contains an ohmic heater and a thermocouple to control
the deposition temperature. For the microwave plasma deposition a tubular reactor
with a 40 mm diam. silica tube has been used similar to the system described by Kamo
et al. (12). The substrate temperature is measured by a two colour pyrometer.
Diamond films were deposited on 100 Si substrates pretreated with diamond grit to
enhance the nucleation deasity.

For the characterization of the diamond films several techniques were employed
most important being Raman scattering, optical absorption spectroscopy, angular
resolved optical reflection, scanning electron microscopy, X-ray diffraction and X-ray
texture analysis. The experimental details are described in Refs. (7, 8, 13, 14).

In this paper emphasis is put on the X-ray texture analysis, which was performed
with a four circle diffractometer equipped with a curved germanium monochromator.
The measurements were carried out in reflection geometry using CuKaI radiation.
Fig. 1 shows the scattering geometry. To analyze the distribution of crystal
oientations, the position of the detector is fixed at a specific reflection angle 20 of
diamond. In this configuration only lattice planes perpendicular to the scattering wave
vector k (shown in Fig. 1) contribute to the diffraction of the incident beam into the
detector. By varying the angles X and Vo the sample can be rotated in any orientation
relative to k. Since the X-ray intensity measured at the detector is approximately
proportional to the number of diffracting lattice planes this technique in effect
measures the orientational distribution of specific lattice planes {hkl).
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Additional measurements were carried out using a high resolution diffractometer
equipped with a four reflection germanium monochromator, which reduces the
divergence of the primary beam to less than 0.00350 (in the plane of dispersion).

III. Observed Textures

Fig. 2 depicts the {Ill1), (220}, (311) and (400) pole figures of a < 100>
textured CVD diamond film. The preferred orientation of the < 100> directions
parallel to the growth direction is evident from the pronounced peak in the center of
the (400) pole figure. All other features in Fig. 2 result from this < 100> texture.
While the pole density depends strongly on the polar angle X, no dependence on the
azimuthal angle (o can be observed in Fig. 2. The distribution of crystal orientations
exhibits a rotational symmetry with respect to the substrate normal. Thus the diamond
film exhibits a so-called fibre texture and a plot of the pole density vs. the polar angle
X is sufficient to describe the texture. From the rotational symmetry it is evident that
the texture does not result from an interaction of the diamond nuclei with the lattice of
the silicon substrate.

The distributions of the (I 11, (220) and (400) pole densities of CVD diamond
films with < 111 >, < 110 > and < 100 > texture (sample a, b and c respectively) are
shown in Fig. 3. The growth conditions for these films are summarized below.

sample a b c
texture axis <111> < 110> < 100>

thickness 30 ,m 300 1m 150 Mm
dep. technique HFCVD HFCVD MW-PACVD
gas composition 0.7 % IPA* 0.7 % IPA* 2.0 % CH 4
growth temp. 800°C 8000C 8800 C
filament Ta, 1 mm 0 W, 0.125 mm 0

*IPA =Isopropyl alcohol

The surface morphologies of the samples b and c are shown in Fig. 4. Sample b
exhibits roof shaped structures penetrated by vertical twin planes. The surface consists
entirely of ( 11) faces. This has been confirmed by angular resolved optical reflection
measurements (8), which revealed that the faces at the surface are inclined by an angle
of 350 - i.e. the angle between the < 110> and < 111 > direction.
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In contrast to sample b, the surface of sample c is covered with rectangular or
square (100) faces which are aligned almost parallel to the substrate surface. Due to
this alignment, the sample exhibits a very flat surface - a feature which is very
important when thinking about applications. The angular distribution of the optical
reflection measured at 633 nm is shown in Fig. 5. The distribution exhibits a sharp
peak superposed on a somewhat broader background. The full width at half maximum
(FWHM) of the background signal amounts to 1.5'.

In order to determine precisely the tilt of the < 100> directions relative to the
surface normal, rocking curves were measured with a high resolution X-ray
diffractometer. Fig. 6 shows the rocking curve (w-scan) of the 400 reflection of a
< 100> textured diamond film and for comparison the 400 reflection profile of the
silicon substrate. The FWHM of the silicon profile amounts to 0.360. Since the
divergence of the indicent beam (0.00350) is negligibly small, the peak width
observed is mainly due to a bending of the silicon substrate -,;hich influences the shape
of the silicon profile. In the case of the diamond 400 reflection the FWHM amounts to
2.70. Taking into account the broadened silicon profile, it can be concluded that the
FWHM of the {100) distribution function in sample c is below 2.50.

In order to clarify the mechanism responsible for the formation of the observed
fibre textures, we studied the dependence of the film texture on the film thickness.
This was achieved by successively etching a 190 urm thick, < 110> textured CVD
diamond film in an oxygen discharge (8). The etching was performed in an
asymmetric, capacitively coupled rf glow discharge system, which provides an intense
and strongly anisotropic flux of energetic oxygen ions.

After different etching periods, i.e. at different film thicknesses, the powder
diffraction pattern of the film was analyzed. In Fig. 7 the ratio of the 220 and 111
reflection intensity, 12201/i11, is plotted as a function of the film thickness. At large
film thicknesses the 220 reflection dominates, in accordance with the pronounced
< 110> texture of the present sample. The decrease of the film thickness leads to a
strong decrease of the relative intensity of the 220 reflection. When extrapolating the
experimental data towards zero film thickness, an intensity ratio 1220/111 of 0.4 is
obtained. This value corresponds to a random distribution of crystal orientations. Thus
it can be concluded, that film growth starts from randomly oriented nuclei and that the
texture develops progressively in the course of film growth.
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IV. Discussion

A. Mechanism of texture formation

The dependence of the film texture on the film thickness clearly shows that the
texture formation is due to evolutionary selection (15), i.e. the texture results from the
growth competition between differently oriented crystallites. This mechanism is
illustrated in Fig. 8. During film growth, the crystallites grow larger. As a
consequence, some of them are burried by adjacent crystallites and the number of
crystallites extending to the surface decreases successively. Due to the anisotropy of
the growth velocity only those crystals with the direction of fastest growth oriented
parallel to the substrate normal survive. As a consequence, a fibre texture develops
with increasing film thickness. The direction of the texture axis equals. the direction of
fastest growth.

B. Direction of fastest growth

Since the direction of. fastest growth determines the axis of the film texture, an
important question is, what are the parameters influencing the direction of fastest
growth ? For a specific nucleus, the direction of fastest growth is given by its longest
.Aimens'on. The shape of the nucleus, on the other hand, is determined by the relative
growth rates of the individual faces and eventually by the formation of twins. CVD
diamond crystals generally grow in the form of cubo-octahedra. The influence of the
relative growth rates on the shape of cubo-octahedra is illustrated in Fig. 9. The
parameter a equals the ratio of the normal growth velocity on (100) and on (111)
faces multiplied with the square root of 3. By varying a from 1 to 3, the shape of the
crystallite varies from a cubic over a cubo-octahedral to an octahedral. The direction
of fastest growth varies from <111> over <110> to <100> (see Fig. 10). These
are exactly the texture axes observed experimentally. However, unfortunately reality is
not that simple. Only the < 100> texture can be fully explained by this simple model.

C. The < 100> fibre texture

In order to explain the < 100> fibre texture, it is sufficient to assume that the
diamond film grows from cubo-octahedrally shaped nuclei, with a slightly below 3. In
this case, the nuclei form octahedra with very small (100) faces at the tips. The
direction of fastest growth is almost perpendicular to these (100) faces. For that
reason, evolutionary selection leads to a preferred alignment of these (100) faces
parallel to the substrate surface. In the course of the film growth, these (100) faces
grow larger and larger and one ends up with a surface which is completely covered
with more or less parallel (100) faces.
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Mhis process has been simulated in two dimensions with a computer program,
which calculates the temporal evolution of a growing surface. As a two-dimensional
awnaog of an octahedron with truncated tips, squares with truncated comers were
used as nuclei. The nuclei were randomly oriented and distributed with an average
distance do . Fig. 11 shows typical examples for simulated two dimensional films
grown from those nuclei. The film thickness is 3'd o (Fig. Ila), 30.d o (Fig. hlb) or
300'do (Fig. ic). To disriminate between the two types of "faces", the side of the
squares are plotted as thi& lines, whereas the truncated comers are plotted as thin lines.

The computer simulations clearly reproduce the experimental findings: i.) the
alignment of the (100) faces parallel to the substrate and ii.) the disappearance of the
(111) faces at the surface. For comparison, Fig. 12 shows cleaved edges of a < 100>
textured diamond film. They exhibit the same columnar structures as predicted in
Fig. I lb and I ic.

Another aspect also supports the present model. The ratio between the size of the
square faces at the surface of a < 100> textured film and the film thickness depends
directly on the growth parameter a. In Fig. 4 the typical dimension of the { 100) faces
is about 5 Am, the film thickness is 150 gm. From these values a growth parameter of
a=2.95 can be derived. On the other hand, the tilt of the < 100> directions from the
surface normal also allows one to determine a. From Fig. 5 and Fig. 6 it can be
concluded that the tilt 2ngle is - 1. This value corresponds to an a of - 2.95 in
agreement with the vpaue derived above.

One of the most imporant features of sharply < 100> textured diamond films is
the smooth surface. The analysis of the optical reflection profile shown in Fig. 5
revealed that the surface roughness of this particular sample is about 150 nm. Another
property of <100> textured diamond films also deserves mentioning. When the
<100> texture is fully developed, the surface is covered completely with {100)
faces. Thus the growth of < 100> textured films occurs on { 100) faces which are
much less susceptible to twin and defect formation as compared to {111) faces (16). In
Ref. (14) we showed, that the defect induced one-phonon absorption in the IR
absorption spectrum is considerably reduced in the case of < 100 > textured diamond
films.

It should be noted, that for ot somewhat smaller than 3 the present model
predicts a texture axis that deviates from < 100 >. Clausing et al. (9, 10) reported on
fibre textured diamond films with the texture axis tilted by about 100 from < 100>.
This growth morphology is consistently explained assuming a ,2.6.
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An independent way of determining a may be the characterization of crystallite
shape during the nucleation phase (10)., However, care must be taken, since a may be
influenced by the presence of the uncovered Si surface due to surface diffusion.

D. <110 > textured films

From Fig. 10 one would expect that the < 110> texture corresponds to an a of
1.5. However there are two reasons which contradict this assumption:

i.) The surface of < 110> textured diamond films consists completely of I11 I1
faces. This has been shown by angular resolved optical reflection measurements
and by SEM micrographs (8). For at= 1.5, however, one would expect both,
(III} and (100} facets at the surface.

ii.) The < 110> texture is a very common texture. A variety of diamond
samples prepared under different growth conditions were found to exhibit this
texture. It is not reasonable to assume that a equals exactly 1.5 for all those
samples.

In an earlier publication we have proposed and discussed a possible mechanism
for the growth of < 110> textured diamond films. In brief, it is assumed that a1 is
larger than 3 and that the growth of octahedra is suppressed due to the preferred
formation of twins at the tips of octahedra. These assumptions are supported by
various experimental findings:

i.) As mentioned above, < 110> textured diamond films do not show (100)
faces at the surface. The formation of only ( 111) faces suggests that a > 3.

ii.) To our knowledge octahedrally shaped nuclei have never been observed in
SEM micrographs. Sometimes SEM micrographs show structures which
resemble octahedra tips. However, a closer look always shows that these tips are
terminated by small (100) faces.

iii.) SEM micrographs of the diamond nucl-.i at the beginning of film growth
often show multiply twinned particles with surfaces consisting entirely of ( 11)
faces. These particles often exhibit five-fold comers. The twins forming such a
comer have a common < 110 > axis which equals the directio;' of fastest growth
of the comer. This example shows that twinning can lead to surface structures
which consist only of ( 11) faces and where < 110 > is the direction of fastest
growth.
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The surface of <110> textured iamond films consists of I11) faces with a
high density of twin planes normal to the surface. This polysynthetic growth
morphology leads to a large number of roof-shaped and re-entrant 110 edges (see
Fig. 4). Angus et al. (17) have pointed out that carbon attachment at the re-entrant 110
edge of a twinned bi-crystal will lead to an increased growth rate in the direction of
the common < 110> direction.

All these arguments demonstrate that frequent twinning may change the direction
of fastest growth from < 100> (expected for a>3) to the common < 110> direction
of the twinned material.

E. Twin formation

Twinning is a very common phenomenon associated with the growth of diamond
from the gas phase. Especially { 111) faces are very susceptible to twin formation since
the energy required to grow an incorrectly stacked monolayer is very low (18). To
study the formation of twins without paying attention to the irregularities of
polycrystalline diamond films, it is interesting to investigate twinning under homo-
epitaxial growth conditions.

In a preliminary investigation we analyzed the amount of twinned material in a
350 um thick homoepitaxial diamond film grown on a (111) diamond substrate. The
substrate thickness was I mm. The analysis was performed with the X-ray
diffractometer used for the texture measurements. To discriminate between twinned
and untwinned material, the detector was positioned at 20 of the 220 reflection -f
diamond and the sample was oriented such, that the reflection condition was fulfilL
for one of the (220) lattice planes inclined 35.7* against the (111) surface. If the
sample is rotated about its <111> normal, the reflection condition will be re-
established every 1200. The lattice of a twin can be obtained by rotating the original
lattice by an angle of 600 about the < 111 > stacking direction. For that reason one
expects that the 220 reflections of twinned regions of the homoepitaxial film appear at
the intermediate angles. This is exactly what we observed experimentally. Fig. 13
shows the diffracted intensity (plotted on a logarithmic scale) as a function the rotation
angle. The (220) lattice planes of the substrate and of untwinned regions of the
homoepitaxial film show up in the form of pronounced peaks which are indeed
separated by an angle of 1208. At the intermediate angles the weak reflection lines of
the twinned regions can be clearly observed. The relative integrated intensity of these
additional reflection lines is about 2"10-3. Taking into account that the diamond
substrate constitutes 75 % of the sample, we estimate that about 1 % of the
homoepitaxial film consists of twinned material.
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V. Conclusions

It has been shown that the crystalline structure and the morphology of
polycrystalline CVD diamond films generally depend on the growth conditions and the
film thickness. Starting from randomly oriented nuclei, a preferred orientation of the
crystallites will develop with increasing film thickness (unless secondary nucleation is
enforced to inhibit textured growth). Growth competition between differently oriented
grains and evolutionary selection will lead to the development of a fibre texture with
the fibre axis given by the direction of fastest growth of the diamond crystallites. By
varying the growth conditions, textured films with the texture axis parallel to
<100>, <110> or <111> have been prepared.

A model has been proposed, where for the general case of cubo-octahedral
crystallite morphology the texture axis is determined by the relative growth rate
parameter ,--3V.Vl00/Vil1.For a slightly below 3, <100> textured growth will
occur, with the surface terminated by 1100) faces. <110> textured growth with the
surface formed by ( 111 ) faces requires a> 3 plus additional twinning to generate the
maximum growth velocity along < 110 >.

The various growth schemes and resulting textures have immediate implications
for the application of the films. Textured growth leads to an increase in grain sizes
with increasing film thickness and finally to a columnar structure. For the <110 >
texture this goes parallel with an increase in surface roughness. However, in the case
of < 100> textured films the surface roughness can be limited due to an increasing
alignment of (100) faces parallel to the sample surface. It is evident that this "self
polishing" growth mechanism is important for any application where a smooth surface
is required.
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ABSTRACT

A graphics-output computer model of combustion flame synthesis
of thick diamond structures starts with small statistical "intrinsic" variations
in the growth rate of individual crystallites in the film. The model simulates
"competitive shadowing" (large differences in growth rates among
neighbing crystallites due to nutrient redistribution), a phenomenon which
has been shown to strongly influence the microstructure of thick diamoi.d
structures. The same model also simulates suppression of the morphological
instabilities characteristic of steady state synthesis of thick diamond by
periodic renucleation using very thin layers of diamond-like carbon (DLC).
Relations between the DLC deposition time and the thick film density can be
calculated.

Introduction

One critical phenomenon which accompany high rate growth of diamond is
morphological instability (1). Increasing film thicknesses, at high growth rates, results in
extremely rough surfaces, the trapping of voids and discontinuities and the incorporation
of non diamond phases in the growing film. These characteristics are typical of
morphological instabilities when surface diffusion and re-evaporation processes are
absent and instability is promoted by the high rate arrival of the appropriate species from
the flame ambient to the surface. As certain of the crystallites grow slightly faster than
their neighbors, they project out ahead topographically and consume the gas stream
nutrients before those nutrients can reach the neighbors. This causes the initially faster-
growing crystallites to accelerate in growth rate by "nutrient overfeeding", and the
initially slower-growing crystallites to decelerate by "nutrient starvation". The result is
the classic instability termed "competitive shadowing".

Recently, a strategy for defeating competitive shadowing in the growth of thick
diamond films has been demonstrated experimentally (2). By periodically changing the
flame chemistry, in the combustion flame synthesis of diamond, to a more carbon-rich
mixture, a thin layer of diamond like carbon (DLC) can be deposited on top of the
already-grown diamond. Upon resumption of the original flame chemistry, new diamond
crystafllites nucleate on the just-deposited DLC layer. Since these new crystallites are not
epitaxially related to the underlying diamond crystallites, their orientations and growth
rates are again random. Each single fast-growing crystallite is replaced by a group of
crystallites of random orientations, as is each slow-growing crystallite.Thus, on the
average the growth rates of the fast-growing regions are reduced and those of the slow-
growing regions are increased. While providing the above benefit, periodic deposition of
DLC is not without cost. Most importantly, DLC contamination can lead to reduced
thermal conductivity and increased electrical conductivity of the diamond, accordingly the
volume fraction of DLC must be minimized while still retaining the beneficial effects of
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DLC in renucleating diamond crystallites. Accordingly, it is desireable to be able to
rapidly predict the effects of DLC deposition on the control of morphological instability
during the diamond growth process. The model described below is an initial attempt to
do so.

Model for morphological Instability in thick diamond film growth

Many researchers have investigated film growth from the vapor phase. For
example, Bales et al. (3) studied competitive shadowing using analytical techniques. The
"first-principles" models which have been developed from such studies provide a rich
base of knowledge. However the present problem, involving periodic changes and spatial
variations in the gas chemistry and resulting diamond film structure, as well as an
eventual requirement for real-time process control, was judged to be more conveniently
treated in an "aggregate" manner, by lumping the physically-relevant behavior into a
small number of state variables. This permits a model which is computationally simpler
and can be run in a microcomputer environment. By using a programming language (in
this case, Microsoft BASIC on a Macintosh) which contains built-in graphics commands,
such a modelling environment permits graphical depiction of the morphology integrally
with the predictions, which assists in rapid assimilation of the predictions, their
comparison against experiment, and improvement of the model. With modern
microcomputers such as the Macintosh I, the computational speed is high enough that
simulations can be run in seconds despite the simplicity of the programming language.

The aggregate model tracks the growth of a thick diamond film by numerically
simulating crystal growth using an approximate, but physically-meaningful,
representation of the growth process itself. The logic of the model is summarized in
Figure 1 and described in the following sections. "Crystallites" are nucleated on the
substrate. Random variables are used within the program to select the orientation and
intrinsic growth rate of each crystallite. This simulates the modest initial growth
variations observed experimentally. The crystallites are then permitted to grow in
numerical increments, with a fixed geometric aspect ratio. At each step the growth rate of
each crystallite depends not only on its intrinsic growth rate, but also on its current height
relative to the average height of all of the crystallites. This simulates competitive
shadowing. If periodic DLC nucleation is utilized, then after a specific growth time, new
crystallites are nucleated (by random variable selection) on the tops of the previous
generation of crystallites, and the entire cycle is repeated.

Discussion of the actual numerical scheme, program flowchart, user inputs and
outputs, etc. is beyond the scope of the present paper.

A. Statistical nucleation and growth of crystallites

1. Statistical nucleation of crystallites

Initially the surface area available for nucleation is a single region (the substrate)
but at later steps will consist of multiple regions, namely the top surface area of each of
the already-grown crystallites. A number of crystallites can be nucleated within each area,
and the probability of successful nucleation will depend on the area as well as the amount
of DLC deposited. To model this process, each such area (As) available for nucleation is
divided into a number (Ns) of discrete sites. Thus the area of each site is AsINs. The
DLC deposition time is t DLC. For each site, the probability (Pn) of nucleating a new
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crystallite within that site depends on its surface area and the DLC deposition time,
according to the equation:

n - xp(-tD * (As/Ns) /KI) (la)

where Ki is a constant. This equation was selected to meet the limiting behavior
requirements such as Pn = 0 for tDLC=O or As--O, and Pn = 1 for tDLC = oc or As = oo.

Each site is interrogated to determine whether or not nucleation has occurred. To
do this, a random trial number Ntl between 0 and I is selected using the RND function.
Comparison of the nucleation probability from eq. (1) against this random number
generates the actual prediction of nucleation/no nucleation at that site:

If Pn < Ntl then nucleation is deemed to have occurred on that site (lb)
If Pn > Ntl then nucleation has not taken place on that site. (ic)

By this scheme, nucleation will occur (on the average) at Pn of the similar sites.

If nucleation occurs at a site, the area of the "bottom" of the crystallite thus
formed is assumed to equal a given fraction of the area of that site.

2. Statistical orientation of crystallites

For each crystallite which is successfully nucleated, an orientation is chosen. At
present, to keep the model simple, the orientation is assumed to fall into one of two
discrete populations, either (100) or (1). The orientation of each crystallite is
determined by selecting another random number Nt2 and comparing this random number
against the total fraction of grains within a given population. The fraction of (100)
oriented grains is input as Fl0. Thus:

If Nt2 < F100, then the crystallite is of (100) orientation (2a)
If Nt2 > F100, then the crystallite is of (I 1) orientation. (2b)

This scheme can be extended to any number of orientations by inputting additional
population fractions.

In the graphical simulations which follow, a square pattern represents (100)
oriented crystallites, while a large triangular pattern represents ( 111). Although at this
stage in the model development no effect of orientation on growth rate has been invoked,
the patterns are useful to help discern the individual crystallites. For graphical illustration
purposes (only) a value of 0.9 for FlO0 has been selected, i.e., on the average 90% of
the grains will be 11001.

3. Statistical "intrinsic" growth rate of crystallites

The growth rate of any given crystallite is determined by its orientation and the
chemical environment. For growth of diamond by the flame technique, it is postulated
that at high temperatures (> 1000 °C) this process involves the preferential growth of
(1001 faces by selective etching of ledges by oxidizing species (OH, CO. C02) in the
flame followed by lateral propagation of these ledges to grow the film (4). This process
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accounts for both the vertical growth (eventually dominated by {100) faces) and lateral
growth which produces densification between the crystallites. At lower temperatures,
ledge creation on (100) faces by oxid*tion does not occur and (I 11) growth dominates.
With this physical picture, the appropriate state variables for the process model include
the local ledge density at each point on each crystallite, and the model should calculate the
geometric extent to which each facet grows as carbonaceous material deposits on that
ledge, the geometric extent to which each facet can be etched (in a temperature-dependent
manner) by oxidizing species, and the changes in crystallite morphology due to such
deposition and etching. These steps depend in turn on the overall crystal orientation.
Modelling the growth rate in this way would have the considerable advantage of being
able to predict the detailed effects of local temperature and flame chemistry (via oxidation
and deposition) on crystallite growth.

At present, this rather complicated picture has been collapsed into a much simpler
model in which the "intrinsic" growth rate is assumed to vary statistically, but with a
shape chosen to reproduce the intrinsic variations in growth rates observed in
experiments. To do this, a base growth rate Rb is selected (corresponding to the current
average temperature and average flame chemistry). For each nucleated crystallite, a third
trial variable Nt3 is selected as a random number. The effect of this random number on
the growth rate is "shaped" with a growth rate exponent 1g such that the net intrinsic
growth rate Rg,i of that crystallite is:

Rg =Rg,b* (Nt3) (3)

For the present calculations, ng = 0.03 and the intrinsic growth rate variations are quite
small, but are large enough to trigger the larger variations in growth rates due to
competitive shadowing. This will be seen in the predictions which follow.

Each crystallite grows with a specified aspect ratio. In reality this aspect ratio
depends on the local temperature and flame chemistry, via the ledge formation and
deposition process described above. In the present model, for simplicity the growth
aspect ratio is the same for all crystallites; it determines the ratio between the initial
"bottom" area and the larger "top" area which each crystallite has after it has grown for a
finite time. Physically this represents the manner in which the crystallites grow together
to fill what would otherwise be voids between them, and thereby form a dense diamond
film. In the present model, no attempt is made to prevent any one crystallite from filling
the space already occupied by another crystallite. Thus, in the graphical output which
follows, as the triangular pattern from I 1111 grains overlaps the square pattern from
[100) grains, a mixed pattern appears which resembles small triangles with squares
inside them.

B. Competitive shadowing

If each crystal saw the same local external environment, then it would continue
growing according to the prescription given in the preceding sections, and differences in
growth rates among the crystals would not be particularly severe. However this is not the
case. As certain crystals grow, they project out ahead of their neighbors; the faster-
growing crystals shield the slower-growing neighbors from the carbon-rich gases, i.e.,
the "nutrients." This process accentuates the differences in growth rates and ultimately
leads to growth instabilities in which growth is dominated by a small number of narrow
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crystals, with large voids between them. This effect is "competitive shadowing." In the
present numerical model, this phenomena is modelled by trackin* the distance d' of each
crystal from a reference point (corresponding to the hot portion of the flame). The
average distance davg for all of the crystals is computed by summation:

davg = (1 / N)Xd i  (4)
N

where N is the total number of crystals.

Corresponding to the physical concept that individual crystals suffer in growth
rate (because of nutrient starvation) if they are further from the reference point than the
average, and that individual crystals excel in growth rate (because of nutrient
overfeeding) if they are close to the reference point than the average, the growth rate is
made to depend upon both di and davg, according to the equation:

Rg =Rg i* d vg) (5)

A value for p of 2 causes relatively mild initial variations in growth rate to cascade into

large differences, as shown in the predictions which follow.

C. Stabilization of gmwth by periodic DLC deposition on girowng crystals

The experiments to date have shown how periodic deposition of DLC (diamond-
like carbon) on the growing crystals can stabilize growth. The physical mechanism at
work appears to be statistical averaging. By renucleating with a new distribution of
crystals, fast-growing crystals are replaced by slower-growing crystals (on the average),
and conversely. This prevents the fast-growing crystals from taking over and permits the
slower-growing crystals to catch up. It is sort of a welfare state.

Renucleation is modelled as followed: After each specified growth time interval,
growth of all crystals is stopped and the top of each currently-growing crystal is divided
into a finite number of sites. Renucleation using DLC is attempted at each site. The same
nucleation law as described in section A. 1 above is ustd. Renucleation occurs at some
fraction of the sites available on top of the crop of currently-growing crystals. Because
renucleation is via DLC deposition, it is assumed that there is no relationship between the
orientation or growth rate of the "old" crystal and the probability of nucleation,
orientation, or growth rate of any "new" crystals which are nucleated on it.

It is also assumed that growth of the old crystals stops when renucleation is
imposed, so that the only crystals which grow after each renucleation step are those
successfully nacleated during that step. This assumption could be tested by experimental
examination of thick films so grown.

The cycle of growth/renucleation/growth, etc. is repeated until the largest crystal
exceeds a specified size, at which point the calculation stops.
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Predictions

A. Growth without renucleation -- Competitive shadowing effects

Figure 2 shows a simulation of continuous film growth (i.e., withou renucleation
by DLC deposition). Because there is no renucleation, individual grains preserve their
characteristics such as orientation (indicated by the square or triangular pattern) and
intrinsic growth rate for the entire film growth. At the early stages (Fig. 2, left) the film
grows with only minor variations in growth rates among the individual grains, reflecting
the small growth rate exponent ng (0.03) in eq. (3). However at the later stages (Fig. 2,
right) these small "intrinsic" variations grow into large differences in crystallite height, as
the effects of competitive shadowing (eq.(5)) become more pronounced. In such a film,
substantial voids are still left above the slowest-growing crystallites at the time growth
would have to be stopped because of the length of the fastest-growing crystallites. This
simulation corresponds well to experimental thick films grown without renucleation
(e.g., Figures 4, 5, and 6 of reference 1), which show extensive voids.

B. Growth with renucleation -- Stabilization of morhologv

Figure 3 shows a simulation of interrupted film growth, in which renucleation by
DLC is imposed after each increment of growth. The initial stages (Fig. 3, left) are
similar to the initial stages of Figure 2. However during the later stages (Fig. 3, right)
the benefits of renucleation with DLCs become clear: Large differences in the extent of
growth are suppressed by the renucleation process. The output shows graphically how
the growth of "old" grains stops and is replaced by the nucleation and growth of "new"
grains on top of the old grains. For example, the two ( 11) grains (triangular pattern)
which were initially nucleated in the simulation have stopped growing and have been
replaced by (100) grains (square pattern) which have nucleated on top of them. The
output also shows new (111) grains nucleating on top of (100) grains. Due to this
renucleation, voids above the slower-growing crystallites are filled in as they are replaced
by faster-growing crystallites, and excessive growth by fast-growing crystallites is
arrested. The result is a simulated film which is much more dense than that produced
without renucleation, and with a much lower surface roughness. This simulation
corresponds well to the experimental observations of thick films grown with renucleation
(e.g. Figure 12 of reference 1 and Figures 4 and 5 of reference 2), in which dense thick
films have been grown.

In the simulation of Figure 3, a "long" DLC deposition time was used, which
causes extensive renucleation between diamond growth stages. Figure 4 illustrates the
effect of shorter DLC deposition times. As the DLC deposition time is decreased, the
renucleation probability after each growth stage decreases (eq. la) , leading to an
increasingly "voidy" film. Thus, some minimum DLC deposition time will be required in
order to produce dense diamond films. However (as mentioned above) the DLC
deposition time cannot be made too long, otherwise there will be an excessive fraction of
non-diamond phases in the film. Modelling should be useful in determining the optimum
renucleation time.

Figure 4 showed one trial for each deposition time. Figure 5 summarizes the
results of a number of trials for each condition. The output for each trial is a "uniformity
parameter" calculated from the final morphology. As can be noted from Figure 4, values
greater than about 5 for this parameter correspond to a dense film appearance. Figure 5
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shows that due to statistical variations, if a number of films were to be grown using fixed
growth procedures, then in order to ensure that the "worst case" still produces a dense
film;the DLC deposition time would have to be almost twice the average deposition time
required for a dense film. As noted above, the excess DLC deposited by such a
procedure could compromise the thermal condictivity of the diamot:d film. These results
emphasize the potential value of in-process monitoring and intelligent process control, in
which the DLC deposition time during any one film growth could be tailored to the film
which is actually evolving, rather than having to be prescribed in ad% ance to cover the
worst case.

Concluding remarks

The present model is clearly only a first attempt at simulating morphological
instability ("competitive -hadowing") and its suppression in diamond film growth by
flame deposition. WE, , the model is not as fundamental as atomisticmols (instead
relying on aggregation of the controlling physical mechanisms by internal state variables),
it is capable of treating more complex situations (for example, periodic renucleation ) and
eventually of being used in real-tii, e process control.

Areas in which improvement of the model for the present purposes would be
appropriate include: (1) a more physical representation of the manner in which crystallite
growth occurs by ledge etching (by oxidative species in the gas) followed by deposition
of carbonaceous species on these active ledges, (2) prediction of the growth rates and
aspect ratios/densification rates produced by this ledge activation process, and (3)
prediction of the effects of flame chemistry, te'.ramture, and history on this ledge
growth process.
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The Effect of Gas-Phase Residence Time

on Microwave Plasma Diamond CVD

F. G. Ceifi, D. White, Jr.a) and A. J. Purdes

Texas Instruments, Inc.
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P. 0. Box 655936, Dallas, TX 75265

ABSTRACT
The effects of gas-phase residence time on the properties of chemical

vapor deposited (CVD) diamond films are reported. Films were prepared
by microwave plasma CVD at various gas flow rates, while keeping other
process parameters constant. Depositions were repeated at 40 Torr and
23 Torr, and on either diamond-abraded Si wafers or a microcrystalline
diamond (MCD) layer. The diamond films were analyzed using scanning
electron microscopy, x-ray diffraction, electrical resistivity, Raman and in-
frared spectroscopies. Some films displayed preferred crystal orientations
and surface morphologies. The invariance of the deposition rate with gas
flow is rationalized using flow modeling. We argue that the flow-dependent
variation in film properties is caused by changes in gas-phase concentra-
tions, which are due to differences in plasma residence time.

INTRODUCTION
X-ray lithography membranes are a potential near-term application for CVD

diamond. Diamond films are attractive because of an extremely high Young's mod-
ulus, thermal conductivity and radiation hardness. 1- 5 Using microwave plasma
CVD, we have deposited diamond films which are under tensile stress. The free-
standing membranes have high visible and IR transmission, and are stable under
extended x-ray irradiation.5 Control of the structural properties of the diamond
films may be important for increasing the tensile strength and/or Young's modulus
of the membranes. In efforts to manipulate CVD diamond film properties, we have
investigated the effect of reactant residence time, and, to a lesser extent, substrate
preparation and gas pressure, on diamond film morphology and texture.6

EXPERIMENTAL
Diamond films were deposited in an AsTEX 2.45 GHz microwave plasma

system, with a chamber i.d. of 140 mm. Substrates were mounted on an induc-
tively heated graphite susceptor, The substrate temperature was regulated using a
thermocouple embedded in the susceptor. An uncorrected one-color (2.0-2.6 pr)
pyrometer registered growth temperatures of "-760 C. A constant ratio of 1%
CH4/H2 was metered by separate flow controllers to 25-800 sccm. The microwave
power was 1.45 kW at 40 Torr or 1.10 kW at 23 Torr. Because of the chamber
geometry, our results are substantially different from the study of Zhu, et al.7

Samples were prepared either on diamond-abraded 50 mm diameter Si wafers,
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or onto an intermediate layer of microcrystalline diamond (MCD). Each Si wafer
was HF-dipped after abrasion, pumped to _.10

- 4 Torr, then etched for 5 min
with a hydrogen plasma at the growth pressure. For films deposited directly
on Si, diamond growth conditions at a chosen flow rate would then ensue. The
growth time was chosen to yield films of nominal 2 pm thickness suitable for x-ray
lithography membranes: 5 hours at 40 Torr or 7 hours at 23 Torr. For films grown
on MCD, the diamond growth step was preceded by deposition with 4% CH 4/H 2
for 60 min, followed by a 30 min etch in pure H2 , both at 200 sccm. Continuous
diamond films were deposited, due in part to the high nucleation density provided
by the diamond abrasion process.

The films were analyzed ez situ with scanning electron microscopy (SEM),
x-ray diffraction (XRD), Raman scattering, photoluminescence (PL) and infrared
(IR) transmission spectroscopies. Electrical measurements were made at 1 and
10 V, between a masked region on the Si and Al dots evaporated onto the diamond
film. The deposition plasma was monitored with optical emission spectroscopy.
Assuming an average gas temperature of 300 C, the residence time for gas flows
of 800 to 25 sccm ranged from 3 to 100 sec or from 0.3 to 9 sec, considering either
the chamber volume above the susceptor or the plasma volume, respectively, at
40 Torr. The apparent residence times were a factor of -2 shorter at 23 Torr.

RESULTS AND DISCUSSION
The electrical resistivity was similar for all 40 Torr samples, ranging across

the wafer from 108-1011 fl-cm, as grown, and 1012-1013 11-cm, after annealing at
900 K under 1 atm N2 for 2 hrs. No variation with respect to flow rate or surface
preparation (on Si or MCD) could be discerned. Analysis of the PL spectra will be
presented elsewhere.' The optical emission spectra varied little between the range
of 40 Torr growth conditions. Most bands were due to excited states of atomic or
molecular hydrogen. 8 Excited-state CH and C2 emission bands were not detected
under the 1% CH 4/H2 conditions.

1. Film Morphology
The crystalline film morphology (Figure 1) showed a strong dependence on

flow rate. For the 40 Torr samples on Si, smooth (100) and (111) facets of -1 pm
size were dominant for 100 and 200 sccm conditions, respectively, with most ori-
ented approximately parallel to the growth surface. Random, but distinct, crystal
facets occurred at higher flow rates, while a rough, small-grain matrix was ob-
served between the larger grains at low flows. The morphology of the 40 Torr
deposits on MCD was similar, but small, facetted grains were present under all
flow c .,nditions.

The diamond films deposited on Si at 23 Torr showed: -,,1 pm (111) facets
at 25 sccm; smooth, randomly-oriented ,,-2 pm (100) faces at 100 and 200 sccm,
with finer intergranular growth in the latter; <0.5 pm grains at 800 sccm flow.
All the 23 Torr growths on MCD displayed small grain sizes (-,0.5 pm at 25 sccm,
<0.3 pm at 800 sccm), with some 1 pm (100) faces imbedded in the 100 sccm film.
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2. Crystal Structure

The XRD spectra of the deposited films showed the diamond (111), (220),
(311) and (400) reflections, but often with relative intensities different from those
predicted from a powder pattern, for randomly distributed grains. While only a
pole figure can provide a complete description of preferred orientation, significant
deviation from predicted intensities provides (limited) information on the film
texture.0 In our case, the texture reflects the preferred orientation of those grains
whose (hkl) planes are parallel to the substrate surface, since only those contribute
to the spectra in the 0/20 coupled scan mode.

Many of the 40 Torr diamond films exhibited a preferred orientation (Fig-
ure 2a). The films on MCD had a (110) texture, as indicated by the intensity
ratio 1(111)/1(220) < 4, which was independent of flow rate. The films prepared
on Si mostly had (111) preferred orientations, with the strongest texturing at 25
and 50 sccm. Interestingly, the 100 sccm films, which displayed dominant (100)
facets, showed no evidence of an enhanced (400) reflection; one sample had a non-
random 1(111)/1(220) value (-8). Specht, et al.,10 observed a [17,3,0] texture for
a sample with square facet morphology, in which the intense (400) scattering was
observed out of the normal scattering plane (X $ 0).

Under the 23 Torr conditions (Figure 2b), the films on MCD exhibited a
greater [110]-preferred orientation than the 40 Torr films, and the extent of the
texturing increased at higher flow rates. The films on Si and on MCD both
showed flow -dependent changes in preferred orientation. As at 40 Torr, the 25
and 200 sccm films on Si exhibited a [111] texture. The 800 sccm flow, however,
induced a [110]-texturing of the diamond films on Si.

The texture of films deposited directly on Si has been shown to be depen-
dent on deposition temperature. 10 For the 40 Torr depositions, we found that
substrate temperaturc variation of -10 C did not give rise to significant changes
in film morphology.6 Interestingly, the films in our study showed little correla-
tion between surface morphology and crystal texture, unlike the filament-assisted
growths reported by Kaae, et al.11

The observation of [1101-oriented diamond films deposited on MCD layers is
consistent with the microwave plasma study of Kobashi, et al.,12, 13 who found
that the extent of [1 10]-ttxturing depended sensitively on both CH4 /H 2 ratio and

deposition time. A [110]-preferred orientation was also observed in films deposited
with combined microwave-filament activation."," A [1101-textured diamond film
was reported for the case of dc plasma deposition on Si,18 but the nucleation
details were not given, and may have employed an MCD or DLC layer. The film
morphology was shown to be sensitive to the conditions of initial layer formation
in microwave 17 and combustion flame"8 depositions.

In the study of Wild, et al.,' 5 the [110]-texturing parallel to the growth direc-
tion increased continuously with film thickness. A model of evolutionary selection
was used to explain the tendancy toward increased texture with increasih.g film
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thickness or decreasing separation of diamond nuclei. 15 In light of this model, the
increased [1101-texturing we observed in films on MCD may be explained by the
smaller grain sizes present in those films.

3. Deposition Rate
It is important that the film thicknesses be similar so that comparisons are

made between samples at the same stage of growth. The deposition rate was
gauged either from the weight gain on the entire wafer, or from the interference
fringes in the IR transmission spectra. The film thickness showed little variation
with flow rate among the 40 Torr samples (Figure 3), indicating growth rates
within 20% of ,-0.25 pm/hr. The difference in thickness between the films grown
on Si and on MCD is due solely to the MCD layer, and does not represent an
increase in growth rate of the 40 Torr samples. At 23 Torr, the deposition rate
increased with the flow rate: -,,0.20 pm/hr at 25 sccm, -0.30 pm/hr at 800 sccm.

4. Raman Spectra
All films prepared in this work showed the sharp (,-8 cm - 1) crystalline di-

amond peak at 1334 cm - 1, a broad (-100 cm- 1) amorphous carbon band near
1530 cm - 1, and a luminescence background.' 9 For the 40 Torr films (Figure 4), the
intensity ratio, 1,334/1530 = ID/IAC, varied with flow rate on Si (ID/IAC - 2 to 5)
and on MCD (0.8 to 1.6), and exhibited maxima at moderate flows (400 sccm and
100 sccm, respectively). In the case of the 23 Torr films, the amorphous carbon
component was larger, and the ID/IAC ratio generally decreased with increasing
flow rate, both on Si (ID/IAc a- 2.2 to 0.5) and MCD (0.5 to 0.3).

5. Flow Modeling
To help interpret the observations, numerical simulations of the flow geome-

try were performed which demonstrated the importance of convective flow in our
reactor. Temperature contours were calculated by assuming a fixed temperature
susceptor, and were found to be insensitive to flow rate. Neglect of the plasma
as a heat source is warranted in low pressure (<1 Torr) plasmas. Temperature
measurement of a 30 Torr dc discharge diamond CVD plasma showed gas kinetic
temperatures of 1200-1300 K, slightly above the susceptor temperature.20 Addi-
tion of the plasma as heat source would serve to enhance the vortex structure in
the center of the chamber.

Flow velocities were determined using finite difference techniques.2 ' Vortices
above the growth surface are predicted at all flows, and are shown in Figure 5
for the low and high flow rate cases at 40 Torr. The presence of recirculation
cells complicates the concept of residence time in our reactor. Because of the
increased downward momentum, the flow velocities through the plasma region
actually decrease by -34% as the flow is increased from 25 to 800 sccm.

The insensitivity of the 40 Torr deposition rate on gas flow rate can be ra-
tionalized by the flow pattern: as the flow rate increases, a larger portion of the
gas bypasses the growth surface and is shunted directly to the chamber exhaust.
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The increase of the deposition rate at high flows at 23 Torr may be a result of
increased gas residence time near the surface, and is being investigated.

To understand the significant flow-dependent changes in diamond film mor-
phology and texture, we performed separate experiments in which a decrease in
plasma power was found to affect the film morphology, whereas an independent
decrease in substrate heating (,10-30 K, the same change as resulted from the
decrease in plasma power) caused little change.6 Thus, we believe that changes
in the concentrations of diamond-growth species, perhaps from subtle variations
of the residence time in the plasma, are responsible for the flow dependence of the
film properties. Mass-dependent reactant diffusion through the vortex may also
alter the effective carbon fraction above the growth surface.

CONCLUSIONS
We have studied the effect of gas flow rate and substrate preparation on

microwave plasma-assisted diamond deposition. The diamond film texture and
morphology can be influenced by both the gas flow rate and the deposition surface.
Films of -,2 pm thickness can be prepared with varying degress of [111] texturing
by altering the flow rate. An initial MCD layer induces a [110]-oriented diamond
film, even under the same growth conditions that produce [111]-oriented films on
Si. This fact suggests that the texture variations for diamond films on Si are to
some degree determined by the nucleation step, perhaps through an effect on the
grain size. Lower pressure growth conditions enhanced the [110] texturing. Flow
modeling showed recirculating vortices under the 40 Torr conditions.

ACKNOWLEDGEMENTS
We acknowledge the technical assistance of Ray Stinedurf and valuable dis-

cussions with Hung-Yu Liu.

REFERENCES

a) Semiconductor Process & Design Center, M. S. 944.
1. H. Windischmann, Proc. SPIE Conf. on Electron-Beam, X-Ray, and Ion-Beam

Technology: Submicrometer Lithographiea IX, 1263 (1990) 241.

2. H. Windischmann and G. F. Epps, J. Appl. Phya., 68, 5665 (1990).

3. B. S. Berry, W. C. Pritchet, J. J. Cuomo, C. R. Guarnier! and S. J. Whitehair,
Appl. Phys. Lett., 57, 302 (1990).

4. Y. Vladimirsky, J. R. Maldonado, 0. Vladimirsky, A. Starikov, R. Fuentes, C.
R. Guarnieri, S. J. Whitehair and J. J. Cuomo, J. Vac. Sci. Technol. B, 8,
1579 (1990).

5. G. M. Wells, S. Palmer, F. Cerrina, A. Purdes and B. Gnade, J. Vac. Sci.
Technol. B, 8, 1575 (1990).

6. F. G. Celii, D., White, Jr. and A. J. Purdes, J. Appl. Phys., submitted for
publication.

253



7. W., Zhu, R. Messier and A. R. Badzian, Proc. 1st Intl. Symp. on Diamond and
Diamond-Like Films, Eds., J. P. Dismukes, A. J. Purdes, B. S. Meyerson, T. D.
Moustakas, K. S. Spear, K. V. Ravi and M., Yoder, 89-12 (The Electrochemical
Society, 1989), p. 296.

8. R. W. B. Pearse and A. G. Gaydon, "The Identification of Molecular Spectra"
(Chapman and Hall, London, 1976).

9. B. D. Cullity, "Elements of X-ray Diffraction," 2nd ed. (Addison-Wesley Pub.
Co., Inc., Reading, 1978).

10. E. D. Specht, R. E. Clausing and L. Heatherly, J. Mater. Res., 5, 2351 (1990).

11. J. L. Kaae, P. K. Gantzel, J., Chin and W. P. West, J. Mater. Res., 5, 1480
(1990).

12. K. Kobashi, K. Nishimura, K. Miyata, K. Kumagai and Y. Kawate, Proc. ist
Intl. Symp. on Diamond and Diamond.Like Films, Eds., J. P. Dismukes, A.
J. Purdes, B. S. Meyerson, T. D. Moustakas, K. S. Spear, K.- V. Ravi and M.
Yoder, 89-12 (The Electrochemical Society, 1989), p. 296.

13. K. Kobashi, K. Nishimura, K. Miyata, K. Kumagai and A. Nakaue, J. Mater.
Res., 5, 2469 (1990).

14. Ch. Wild, H. Herres, J. Wagner, P. Koidl and T. R. Anthony, Proc. 1st Intl.
Symp. on Diamond and Diamond-Like Films, Eds., J. P. Dismukes, A. J, Pur-
des, B. S. Meyerson, T. D. Moustakas, K. S. Spear, K. V. Ravi and M. Yoder,
89-12 (The Electrochemical Society, 1989), p. 283.

15. Ch. Wild, H. Herres and P. Koidl, J. Appl. Phys., 68, 973 (1990).

16. J. Narayan, A. R. Srivatsa, M. Peters, S. Yokota and K. V. Ravi, Appl. Phys.
Lett., 53, 1823 (1988).

17. R. Meilunas, M. S. Wong, K. C. Sheng, R. P. H. Chang and R. P. VanDuyne,
Appl. Phys. Lett., 54, 2204 (1989).

18. K. V. Ravi and C. A. Koch, Appl. Phys. Lett., 57, 348 (1990).

19. D. S. Knight and W. B. White, ., Mater. Res., 4, 385 (1989).

20. H. N. Chu, A. R. Lefkow, E. A. Den Hartog, J. Jacobs, P. Sandstrom, L. W..
Anderson, M. G. Lagally and J. E. Lawler, in "Diamond, Boron Nitride, Silicon
Carbide and Related High Bandgap Semiconductors, "Mater. Res. Soc. Symp.
Proc., 162, 1990, 163.

21. FLUENT software is a product of creare.x Inc., Hanover, NH.

254



40 TORR i I 23 TORR
onm v OnMOD (c)On Si (cOn McO

2m2p m os

Figure 1. SEM of diamond films deposited at: (a,b) 40 Torr; (c,d) 23 Torr.
The 40 Torr films grown on Si show dominant facets at intermediate flow, but
random faceting at high and low flow. The 40 Torr films grown on MOD show
similar features, plus small grains under all flow conditions. The 23 Torr films
show grain sizes of < 0.5 pm, except for samples deposited on Si at intermediate
flow conditions.
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Figure 4. Raman spectra of diamond films: (a) on Si; (b) on MCD. The Raman
signature of diamond at 1332 cm- 1 is evident in the spectra of all films. The
25 sccm spectrum in (a) was shifted horizontally for clarity. The Raman spectrum
of an MCD layer un Si is also shown in (b).
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Figure 5. Simulation results for our reactor geometry and an assumed susceptor
temperature of 800 C, wall temperature of 60 C, and gas flow rate of: (a) 25 sccm;
(b) 800 sccm. The calculated temperature profiles are given on the left side of (a)
and (b) with a contour spacing of 52 C. The lengths of the flow field vectors (on
the right) correspond to gas velocity. The two velocity plots are scaled differently,
with the circled vectors representing: (a) 7.4 cm/sec; (b) 4.9 cm/sec. Note that
the velocity in the vortex region is lower at the higher flow rate.
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We have investigated the initial stage of crystal
growth and growth processes of chemical-vapor-deposition
(CVD) diamond with a scanning electron microscope (SEM)
and a transmission electron microscope (TEM), making use
of the SENTAXY (Selective Nucleation Based Epitaxy)
technique by which it is possible to control the
nucleation sites and therefore to fabricate CVD diamond
array. The growth of the same particle has been pursued
by SEM observation. Overgrowth and preferential growth
have been observed. Removal of a small particle during
crystal growth has also been observed. Moreover, an
investigation concerning with nucleation has been done
by plane-view and cross-sectional TEM, It has been clear
that the defects near the surface of the substrates with
high concentration have close relation to diamond
nucleation sites,

INTRODUCTION

The applications for semiconducting or optical devices have
been expected of the chemical-vapor-deposition (CVD) diamond
synthesized from gas phase at low pressure, However, because of
random nucleation of diamonds on hetero-substrates, CVD diamond
thin films are polycrystalline, which restricts to make good use
in devices. The diamond SENTAXY (Selective Nucleation Based
Epitaxy) technique makes a great approach to applications since
single-crystal-diamond array, as shown in Fig.l(a) can be
fabricated(1),(2),(3). The SENTAXY technique has been carried
out in the field of silicon first, and a success in device has
been made(4),(5). The diamond SENTAXY is a novel technique not
only in applications but also in fundamental research, e.g.
elucidation of nucleation and crystal growth, because the
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technique enables to grow crystals separately and to control
nucleation sites artifitially. This makes it much easy to
study diamond nucleation sites on the substrates and crystal
growth of CVD diamond, In addition, it is very important for
the SENTAXY diamond itself to make it clear whether the
particle synthesized separauely with this technique is a
single crystal or not. In this paper, we have investigated
the initial stages of crystal growth and the growth processes
of CVD diamond by pursuing the growth of a same particle with
a scanning electron microscope (SEM), A transmission electron
microscope (TEM) studies, from both plane-view and cross-
sectional view, has also been carried out.

EXPERIMENTAL

[1] Procedure of the diamond SENTAXY:
The substrates used here were Si wafers patterned with

square dots or stripes as shown in Fig.2(a) and (b)
respectively. The dots and stripes are made from Si itself,
The dot size is 1.2 AuXl.2 Am with 0.2 jun in height and the
interval between the dots is 10 jmn The stripes are 1.2 An in
width and 0.2 ja in height and 10 au separated each other.

Before deposition, a two-step process for substrate
treatment has been done. First, the substrates were pretreated
by abrasive powders (diamond powders of about 30 in diameter)
using an ultrasonic generator for 3 minutes.

Then, after the pretreatment, an oblique irradiation by an
argon beam to the substrates was carried out, The argon beam was
produced by a 0. C. ion source. The pressure of the argon gas was
10' Torr and the accelerated voltage of the beam was 5kV with
current of 50 0. By irradiating obliquely, diamond nucleation
sites are selectively localized on the dot edges opposite to the
incident direction of the beam, We call this edge "the opposite
edge" and the effect of the nucleation on the opposite edges
"the edge effect"(1),(2). The argon beam was irradiated
perpendicularly to the stripes when stripe-patterned
substrates were employed.

Finaly, a microwave plasma CVD system was employed for
fabrication of diamond. CO(15 vol.%)/H 2 mixture was used and
the reaction pressures were 30-35 Torr. Substrate temperatures
were 900-1000 C.

[2] SEM observation-
After a certain growth time by the microwave plasma CVD
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mentioned above, the samole was taken out of the CVD apparatus,
observed by SEM, then returned to the apparatus for further
growth. This procedure was repeated several times. The SEM
observations were aimed on the same Si dot patterned on the
Si wafer in order to pursue the crystal growth process.

[31 TEM observation:
A High-Voltage TEM operated at 200 kV (H-800) and an

Ultra-High-Voltage TEM operated at 2000 kV (UH-3000) in
Research Center for Ultra-High-Voltage Electron Microscopy of
Osaka University have been used. Both plane-view and cross-
-sectional view were observed. The plane-view TEM specimens were
prepaed by thinning the substrates with HF:HN0 3 :CH3COOH. The
cross-sectional rEM specimens were prepared by slicing, lapping,
and then thinning by an argon ion milling. The stripes-
patterned substrates were employed for the cross--sectional
observation because it was difficult to obtain cross-
-sectional images of the dots and the diamonds forming on their
opposite edges.

RESULTS AND DISCUSSION

[11 Observations by SEM:
Fig.3 shows a growth process of CVD diamond observed by

SEM. Due to the pretreatment of the abrasive powders and the
oblique irradiation of the argon beam, the Si dot is no
longer a square. Two diamond particles (A and B ) are
formed on the opposite edge of the Si dot a. the initial
stage. As growth time passing, the particle at right hand (A)
grows preferentially while thp left one (B) seems no growth.
In addition, after 50 minutes, B dissapears from the dot,
It is not clear whether because of the overgrowth under A or
because of being removed by the discharge. This kind of
preferential growth has often been observed. After 1-1.5 hours,
A grows large to be identified as a twinned crystal of 1-2 Am.
Astonishingly, a small particle (C) begins to grow on the
opposite edge, and grows large, It burys gradually under A due
to the overgrowth. Finally, it almost burys at all in A except
a smali protruding part on {100} facet of A. This kind of
particles are often observed in SEM imaf,es and usually
considered as second-order nucleations. In fact, it is "the
head" of a particle hiding tehind or burying under a large
particle..

[21 Observations by TEM:
Three plane-view TEM (UH-3',00) images are shown in Fig.4.

The Si dot appears in shape of square. Some defects of
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dislocations are formed in the specimen due to the pretreatment
by abrasive powders and during the deposition process with
high temperature, The incident beams is illustrated by the
arrows, and diamonds are formed on the opposite edges of the
dots. In Fig.4 A, it is recognized that defects are created
densely along the four edges on the square dot instead of the
center part. This is because the dots protrude on the surface
and the abrasive powders are much bigger (30pm in diameter)
compared with the dots, The diamond particle is formed on the
area where the defects concentration is high. On the edge at
left hand, no diamond is formed in spite of high defect density.
It is considered that the argon beam affected only onto the
surface of the dot rather than the inside, and so the inside
defects, being revealed by the high penetration TEM, remained.
However, though there are high density defects in Fig.4 B, no
particle is formed here. This is a special example, 'n most
cases, diamond particles grow on the opposite edges of the dots.
In Fig.4 C, two diamond particles are formed on one corner

of the dot. The overgrowth of one particle haF been observed
in this figure also with TE14 as well as observed with SEM
mentioned above. From this observation, it is obvious that
there is a close relation between diamond nucleation sites
and the defects, though it cannot conclude that diamond
nucleation sites are formed by the defects until a much high
resolution observation is carried out.

The cross-sectional TEM ,(H-800) images, Fig.5, show how
the diamond particles grow on the edges of the stripes, The
original Si stripes are not so sharp at the edges, and are made
duller by the pretreatment and mainly by the beam irradiation.
The arrows indicate the incident beam direction, Diamond
particles are formed on the opposite edges. The dark line
(Fig.5 A) seen under the diamond particles is corresponding to
the difference in thickness of Si, not to defects. Inside the
Si stripes, no defect is observed except on the left edge of
the stripe shown in Fig.5 B. Associating with the result of the
plane-view TEM shown in Fig.4, however, it is considered that
the defects exist almost on the surface of the substrates (or
the dots). On the other hand, although the deep defect can be
seen on the left edge of the stripe shown in Fig.5 B, no
diamond is formed there, This is because the area of the
defect appearing on the stripe surface was changed to
amorphous by argon ',eam irradiation, which was made sure by
RED (Reflection Electron Diffraction)(1). On the other hand,
the nucleation site is retained on the opposite edge where the
beam irradiation is shadowed or weekened.

It has been clear that the defects which exist on the
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surface of the substrates with high concentration have close
telation to diamond nucleation sites. Even though there is a
defect to the deep level, it is not able to work as a nucleation
site if the surface is changed into amorphous.

SUMMURY

We have investigated the initial stage of crystal growth
and growth processes of CVD diamond with SEM and TEM making
use of the SENTAXY technique. It has been obseved that one
particle grows over others to form a "single crystal" which
is sometimes missed as a second-order nucleation, At the early
stage of the crystal growth, a small-size particle can be
removed off and vanished. It has also been found that the high
density defects near the surface of substrates have close
relation to diamond nucleation sites,
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Figure 1. Typical scanning electron microscope image of(a) a diamond array fabricated with the SENTAXY (Selective
Nucleation Based Epitaxy) technique,

(bY a diamond thin film fabricated by random nucleation.

a b

Figure 2. Schematic of the patterned Si substrates.(a) The dots-patterned substrate : a=1.2pm, b=0.2 j, c=10gm
in this experiment.

(b) The stripes-patterned substrate : a=1.2 An, b=0.2 m,
c=lOpA in this 3xperiment.
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Figure 3. Growth process pursued with scanning electron micro-
scope. Growth times are - a,10min. b.2Omin., c.30min. d.40min.
e.50min. f.lhr. g.l.5hr. h.2hr. i,3hr. .j4hr. k.5hr.
The particle marked with A grows preferentially. After the
particle B disappeared (at e.), the particle C is formed
newly (at f.) and then buried under A (at j,k).
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Figure 4( Flane-vew observations Diamond particles are formed
with transmission electron micro- on the opposite edges of the
scope. The incident direction of stripes. (A) No defect isan argon beam is indicated by seen inside the Si stripes.
arrows. (A) A dimond particle is (B) At the left edge, a
formed on the opposite edge of the little defects are seen ,
Si dot. The high density defects however no diamond is seen

exist along the four edges of the there.
dot. (B) No diamond particle is
formed in spite of high density
defects. (C) Two diamond particles
are formed and the bigger one
grows over the smaller one.
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ABSTRACT

The diamond nucleation time evolution can be
reconstructed analysing the data obtained from
the examination of a single deposited sample
surface, once the single diamond particle growth
rate is assumed to be known and the particle size
distribution is measured. In this way It is
possible to get information on the initial stage
of the diamond nucleation. We found that the
nucleation rate exhibits a maximum after a
certain tim3 which is longer the lower is the
deposition temperature. This suggests the
existence of an induction period of slow
nucleation.

INTRODUCTION

The main purpose of this work is to get information about
the initial stage of diamond nucleation on a substrate
surface. To achieve this goal we devised a kinetic scheme
that relates the single diamond particle growth rate and
the particle size distribution to the nucleation rate.
We analysed several diamond deposits made on Si (111) and
on Si (100) svbstrates. The nucleation density and the
particle growth were observed as a function of the
deposition time and temperature, at a constant gas
composition. The particle size distribution has also been
recorded for each sample.
The complete nucleation time evolution can be reconstructed
by the analysis of the data contained on a single sample,
once the single particle growth rate is assumed to be known
and the particle size distribution is measured.
We consider (1) that a nucleus of average radius r at the
time t derives from a nucleus which has nucleated at a
previoo tim t The time t, can be determined from the
size r and the ?me t when tIe law of growth is known.

g
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We consider the distribution function F(r,t ) such that

F(r,t )dr (1)

equals the number dN(t ) of nuclei which granulated at the
earlier time t in an Tnterval of time dtb corresponding to
dr, then: b

- F(r,t ) dr = dN (2)

dtb dtb

The distribution function F(r,t ) can be derived directly
by counting on a sample surfacl, where a deposition has
been made for a time t the number of particles associated
to each particle size .

Many particle growth phenomena may be approximated by a
single particle growth law of the type

r(t) = atn (3)

where a is a time constant (which is a function of
temperature) and n is an exponent related to the way the
particle grows by acquiring matter from the outside source.
In our case the experimental data suggest that a linear
approximation (i.e. n=l) may be a reasonable first guess.
A constant growth rate may be simply justified assuming
that the particle volume growth rate is proportional to its
surface.
This for a spherical particle would give

dV a 4wr 2  (4)

where V is the particle volume, a is the rate constant,
then

4irdr ir4-fr 2 dr a 4wr 2

and r =at (5)

Considering this particle size growth function and
according to the previous definitions:

and r(tgtb) = a(tg-tb) (6)

dr (7)

thus from (2), (6) and (7) we get:

dN F(ritg)fr = a (8)
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where r = a (t -tj) has been substituted in the function
F(r,t ), t isth duration of the deposition experiment
and 1 a the running time from the beginning of the
deposition.
We notice that if the distribution function F(r,t ) shows a
maximim for a certain size r occurring between r-0 and the
maximum observable r, also the rate of nucleation shows a
maximum for a certain time t.
Finally the nucleation density as a function of the
deposition time tb is found by integrating (8):

1r a (t -t

g b

EXPERIMENTAL RESULTS

The result of a typical deposition obtained on a Si(100)
substrate surface kept at the temperature of 850'C with a
Ta filament set at a distance of 5 mm at a temperature of
2100*C with a gas composition of 1% CH and 99% H a gas
flux of 100 sccm, a dynamic pressure of 30 torr, is shown
in figure 1 and 2 as seen by SEM.
The particle size distributions have been obtained from
similar pictures; typical distributions are plotted in
figs. 3 and 4,
Depositions carried out for different times allowed the
determination of the particle size growth rate. An example
of particle size growth rate, occurring at substrate
deposition temperature of 9500C, is shown in figure 5,
where it is possible to appreciate the nearly linear growth
law.

DISCUSSION AND CONCLUSION

It is possible to appreciate from fig. 3 and 4 the presence
of a maximum occurring for certain particle size ro. This
maximum shifts toward higher size with increasing
deposition temperature. From these distributions the
nucleation density evolution as a function of time can be
derived by the formula (9). The results are shown in figs.
6 and 7. The time evolution of the nucleation density shown
in fig. 6 exhibits clearly a sigmoid behaviour. The sigmoid
flexus shifts toward the time origin when the temperature
is increasing (fig. 7).
For a tentative explanation of the presented evidence, let
us considc.: a simplified nucleation model, according to
which the nucleation occurs on a certain number of "active
sites" present on the substrate surface. The nucleation
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rate is therefore proportional to the number of "active
sites" still present at each time.
Hence

d = vd ( No - N(tb) ) (10)dt b  d

where v is the rate constant for nucleation and No the
total nuber of active sites.
Integrating we find

N(tb) = No (1 - e "Vd th) 1)

and

dN(t No e "Vd th (12)

dtb

recalling (6) and (8) and substituting in (12) we get:

F(r) = A e Vd r/a for r/ g t

F(r) = 0 for r/a > tg

and A = No v e "Vd tg

a d

This simple exponential function provides a suitable
fitting of the data at high temperatures, however it does
not predict a maximum in the particle size distribution at
values of r between the minimum and the maximum values
observed, as required by the low temperature distributions.
It can be shown that a more detailed treatment which allows
the description also of the lower temperature data requires
the introduction in the model of an induction time for
nucleation. This point will form the subject of a
forthcoming paper,
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fig. I SEM picture of diamond crystallites on Si (100),
T = 850 *C, 30 torr, 2% CH4.

fig. 2 A higher magnification of fig. 1.
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Diamond growth on 81(100), T = 950 C
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fig. 5 Diamond growth on Si (100), T = 950 0C, 2% CH 4 ,
76 torr.
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ABSTRACT
The technological evaluation of commercially-available, single cry-
stal diamond substrates for homoepitaxial diamond growth is
presented. Surface topographies of insulating diamonds (types Ia,
Ila, and Ib) are shown, and microstructural comparisons are exam-
ined with X-ray topography. Wet chemical and mechanical clean-
ing procedures are briefly reviewed. The effect of the starting sub-
strate on the resultant homoepitaxial diamond film can be par-
tially mitigated by the proper choice of substrate, appropriate
cleaning protocol, and the use of a well-qualified diamond deposi-
tion technology.

Introduction

The thermal and electrical properties of diamond make it an excellent can-
didate for electronic applications. A number of significant problems must be
overcome before the potential of diamond can be realized. While suitable
heteroepitaxial substrates have not been developed yet, the fabrication of dii-
mond transistors on natural diamopd substrates allows testing and evaluation of
diamond electronics [1]. Qne problem arising in the fabrication of diamond dev-
ices on diamond is the quality of the natural diamond substrates. Recent stu-
dies indicate that X-ray topography is a potentially valuable technique for
characterizing structural defects in diamond single crystal substrates [2]. Selec-
tion of high quality diamond substrates is imperative to the growth of high
mobility homoepitaxial diamond layers. In order to achieve the highest electri-
cal quality diamond films, growth techniques may have to be developed which
deposit epitaxial layers without replicating the crystalline defects commonly
found in diamond single crystals.

This paper presents technological results accumulated over the last two
years that pertain to the quality of commercially-available single crystal
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diamond substrates, the cleaning of these substrates, and the resultant homoep-
itaxial diamond growth by low pressure rf plasma-enhanced chemic.1 vapor
deposition (PECVD). Both uniform coverage and selective-area diamond
homoepitaxy are described.

Experimental Procedures

Natural type Ia and Ila and synthetically-produced type lb diamond single
crystals have been evaluated for their suitability for diamond homoepitaxy
Cutting and polishing to aominal (100) orientation were performed commercially
by the vendors, and analysis has included scanning electron microscopy (SEM)
[equipped with a field emission gun] on uncoated diamond substrates. X-ray
topography [3], using near-parallel and monochromatic X-rays prepared from
synchrotron radiation, has been used to evaluate the microstructure of selected
type Ia, Ila, and lb single crystal diamonds (not necessarily cut and polished tc
a specific orientation).

Two different chemical cleaning methods were utilized. Diamond sub-
strates were cleaned with the RCA cleaning technique [4], which has found
wide-spread use in silicon integrated circuit fabrication, or wth sequential expo-
sure to boiling CrOs/H 2SO4 solution (glass cleaning solution' for 15 minutes fol-
lowed by boiling aqua regia for 15 minutes followed by a dip in 10:1 H2O-BF
solution and complete deionized water rinse. The efficacy of swabbing to
remove particulates has also been evaluated. Cotton-tipped swabs were used in
deionized water.

Homoepitaxial diamond growth was accomplished using a 13.56 MHz
inductively-coupled plasma-enhanced chemical vapor deposition (PECVD) sys-
tem as described in more detail elsewhere [5]. Briefly, the system is UHV-
compatible and the nominal conditions used were: 1% CH 4 in H2 or 1:2 mixture
of 2% CO in H2 and 1% CH 4 in H2, total gas flow = 20-30 sccm (32.2-48.3 Pa-
L-s-1), pressure = 5.0 Torr (667 Pa), temperature = 500-800 C, and rf power
z- 1.5kW. The homoepitaxial diamond films have been characterized with SEM
and Raman spectroscopy.

Results and Discussion

Diamond Substrates
Features have been observed on the surfaces of commercially-supplied dia-

mond substrates which might inhibit high quality epitaxial growth. Figure 1
shows a series of SEM micrographs from several as-received natural Type Ia
diamond (100) substrates (size: 4 X 4 X 0.25 mm). It ean he seen that the sur-
face topographies do vary from substrate to substrate, and some are clearly
"better" than others. However, the fine unidirectional scratches are observed
on all substrates of this size. Commercially-produced synthetic, type lb dia-
monds can also have surface topographies that may influence subsequent
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epitaxy (Figure 2). However, it must be borne in mind that a less than perfectly
smooth surface topography only indicates that the polishing process needs
optimization and does not necessarily imply that the bulk of the substrate is
microstructurally defective. This has been shown by electron-beam-induced
current (EBIC) imaging of natural semiconducting type lib diamonds in the
SEM, where it has been seen that the surface scratches bear no relationship to
subsurfce microstructural defects that are nonradiative recombination sites [6].

The extent of microstructural defects in a diamond substrate is perhaps a
more crucial issue pertaining to the attainment of low-defect-density homoepi-
taxial diamond films for electronic evaluation. To begin to examine this issue,
X-ray topographs have been taken of natural and synthetic diamond single cry-
stals. X-ray topography has revealed differences in the internal structure of
type Ia [7] and type Ila diamonds (Figure 3). Although the type Ia diamond
appears to show planar defects in projection, there appear to be fewer defects
and defects with a lower degree of strain and/or crystallographic misorientation
than the type Ha crystals. This is qualitatively consistent with the observations
that type Ia diamond crystals tend to exhibit superior axial ion channeling
characteristics than type Ia crystals [8]. While these results appear to indicate
a trend, variations between different natural diamond crystals may not permit
these results to be generally applicable to all diamond substrates of a given
type. Also shown is an X-ray topograph of a synthetically produced type Ib dia-
mond which has defects that appear to have propagated radially from the
center of the crystal.

Substrate Cleaning
Both of the chemical cleaning procedures described above have been used,

and both techniques have met with successful homoepitaxial growth. Unfor-
tunately, the success has not been uniform and unequivocal. The reason for this
has been that residual particulates remain on the surface of the diamond sub-
strate. The effect of particulates on the surface is the nucleation of sporadic
regions of polycrystalliite diamond material interspersed throughout the
homoepitaxial film. The particulates are believed to result from the commercial
polishing processes, and'apparently are not removed with wet chemical cleaning.
Mechanically cleaning the substrates by swabbing with cotton-tipped swabs in
deionized water will remove most of the particulates. This effect is shown
dramatically in Figure 4 where a diamond substrate, which had been intention-
ally contaminated with particulates and then chemically cleaned (particulates
still remain adherent), is shown to be free of these particulates after a short
time (- 1 min.) of swabbing.

Diamond Homoepitaxy
Figure 5 shows the change in surface morphology after 1 pm of diamond

deposition on a diamond substrate. Before deposition the surface shows pits
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and polishing scratches present. After deposition, the surface finish is greatly
improved as little surface topography is visible. This planarization is an impor-
tant feature for development of electronic devices in diamond.

The effect of surface planarization during homoepitaxial growth can also be
illustrated using selective homoepitaxial deposition. Epitaxial lateral over-
growth (ELO) has been demonstrated using this low pressure rf-driven PECVD
technique [9]. A lithographically patterned 200 nm thick Si mask, which sub-
stantially inhibits diamond nucleation, has been used to define the diamond
"seeds" for homoepitaxial diamond growth. The overgrowth was best revealed
by chemically etching the Si from the diamond. Figure 6 shows SEM of a
cleaved cross-section showing diamond ELO. The sample has been sputter-
coated with 10 nm of Pt to prevent charing during SEM examination. Growth
of homoepitaxial diamond was observed to be approximately isotropic, extending
over the Si mask by 0.45 pm and above the mask by 0.50 pm. There is evidence
for smooth epitaxial growth above the diamond seed windows and faceting on
the overgrowth. Comparing the surface of the epitaxial layer to the surface of
the substrate, the initial substrate topography has been planarized by this dia-
mond homoepitaxial deposition process.

Both macro- and micro-Raman spectroscopy have been routinely employed
to assess the crystalline quality of the homoepitaxial diamond films. Spectra
were excited using the 514.5 nm line of an Ar+ ion laser with a micro-Raman
spot size at the sample surface of < 5 pm. Shown in Figure 7 are micro-Raman
spectra showing the 1332 cm- 1 diamond LO phonon line taken from the
selective-area homoepitaxial film and taken off the film where scattered and iso-
lated polycrystalline diamond crystals have grown on the Si mask. The full-
width at half-maximum (FWHIIM) values from these spectra differ by 1.6 cm- 1 -
with the homoepitaxial film having the narrower peak. This is consistent with
the fact that the Raman signal from polycrystalline diamond films have greater
FWHM than from single crystal diamonds. Another homoepitaxial diamond
film with uniform coverage that was grown on a (100) type Ila substrate was
examined with micro-Raman spectroscopy by focusing on the surface of the
homoepitaxial film. The corresponding 1332 cm- 1 diamond LO phonon line was
found to have a FWHM of 2.1 cm- 1. Because of the small depth of focus of the
micro-Raman system, it was also possible to focus into the bulk of the type Ha
substrate. In this case, the FWHI-M increased to 2.4 cm- 1. Although this tech-
nique cannot completely isolate the Raman signals from the epitaxial film and
the substrate, it shows qualitatively that this homoepitaxial diamond film is of
greater perfection than the substrate. This same trend has been seen for
homoepitaxial diamond grown on (100) type Ia diamond substrates, but the dif-
ferential between the FWHMvI of the epitaxial film and the type Ia substrate Is
less (on the order of 0.1 cm- 1 ).
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Summary

Prom the point of view of commercial availabilitv, type Ia diamond sub-
strates currently appear to be microstructurally superior for homoepitaxial
growth. Although tL.re remains diamond substrate surface topography con-
cerns, if the substrates are mechanically and chemically cleaned properly and an
adequate diamond deposition technique is used, the surface can be planarized
for device fabrication. The evidence accumulated thus far indicates that
homoepitaxial diamond films grown with rf PECVD are superior to the starting
substrates. The ability to grow homoepitaxial diamond selectively with ELO
allows for the possibility of creating films that are less microstructurally defec-
tive than th( starting substrate.
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Figure 1. Surfaces of different as-received (100) type Ila diamond substrates.

Figure 2. Surface of representative as-received (100) type lb diamond sub-
strate.

Figure 3. Representative X-ray topographs from: (A) type Ia diamond, (040)ST
[the radial defects are believed to have been created when the dia-
mond was cleaved prior to analysis];
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Figure 3. Continued. Representative X-ray topographs from: (B) type Ila dia-
mond, '111)AT; and (C) type lb diamond, (11I)AT.

Figure 4. Surface of diamond: (A) after intentional particulate contamination
and (B) after swabbing.

Figure 5. Surface of homoepitaxial diamond film grown on (100) cype la dia-
mond substrate.. Compare with as-received diamond in Figure 1.
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Figure 6. Cleaved cross-section showing ELO of diamond over a Si mask that
has been chemically removed: (A) inclined view and (B) edge-on
view.

A FWHM -3 4 cm
"1

B FWHM -6.0 cm
"
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Figure 7., Micro-Raman spectra from: (A) selective-area homoepitaxial diamond
(shown in Figure 6) and (B) polycrystalline diamond nucleated on
mask (not shown in Figure 6 because it was etched off).
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INVESTIGATION OF LOW PRESSURE DIAMOND GROWTH BY
ELASTIC SCATTERING OF LIGHT AND REFLECTANCE
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ABSTRACT

The growth of diamond on silicon by the use of a hot filament and methane
hydrogen was monitored by reflectivity and elastic scattering of 1.96 eV
He-Ne laser radiation. It will be shown that the development of the elastic
scattered light and reflectivity with diamond growth give insight into the
diamond nucleation and growth rates. In particular, a start of diamond
growth manifests itself by a strong increase of the scattered light
followed by structures which can be correlated to the size of isolated
diamond crystals.

INTRODUCTION

The ability to synthesize diamond films by assisted chemical vapor deposition
(CVD) at low pressure where diamond is in its metastable phase is now well stated.However, the film morphology on substrates other than diamond precludes, up to now,
their uses In the fields of optic and electronic : the continuity of the films arises from
the juxtaposition of micrometer-sized diamond crystals randomly oriented to the
substrate and as a consequence, their roughness limits their hansparency and the
joints between crystals deteriorate the electrical properties. In order to progress, one
has to succeed in synthesizine heteroepitaxial diamond films. The question raised is,
whatever the technique used, the low pressure diamond growth which takes place
tridimensionally with a slow nucleation rate. This type of growth seems to preclude
epitaxial growth, for which an increasc. in the nucleation rate and bidimensional growth
would be more favorable. From a fundamental point of view, one has to acquire a better
understanding of the nucleation and growth mechanisms by employing characterization
techniques sensitive to the first diamond growth.

In this spirit, in-situ optical measurements are very attractive because they can
give insight into the diamond growth mechanisms without perturbing the experimental
synthesis conditions. Considering that whatever the assisted CVD technique (plasma, hot
filament...) and the carbon source (methane, acetylene... bourbon) are, the resulting
diamond morphology is the same; the optical techniques becoming very interesting
when probing the diamond surface growth. In that sense, in-situ variations of elastic
scattering of light and reflectivity with deposition time of low pressure diamond on
silicon substrates has been undertaken.
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EXPERIMENTAL DETAILS

- Synthesis technique

Diamond films have been synthesized by a hot filament CVD technique. Details of
the experimental arrangement have been described elsewhere (1). Typical synthesis
conditions were a 0.5-2 at.% methane proportion in hydrogen with a 3000 Pa total
pressure and a 20 sccm total flowrate, a 2000 °C heated tungsten filament and a 800
°C substrate temperature. In order to Increase the nucleation rate, the silicon
substrates were scratched with 1 pm diamond paste. The deposition have been made
either with a grounded substrate, or electron assisted with a 100-200 V positive
substrate potential. This forward bias presents the advantage of increasing the
nucleation rate.

- Optical technique

Elastic scattering of light and reflectivity measurements have been undertaken
in-situ, in the CVD apparatus. The incident 1.96 eV He-Ne lascr radiation was linearly
polarized with the electric field parallel to the substrate with a 450 incidence angle.
The elastic scattered light was detected in a direction normal to the substrate. In order
to suppress the spurious signal due to the light emitted by the hot filament, the incident
radiation was modulated by a chopper and scattered light and reflectivity were
simultaneously measured with Lock-in amplifiers.

EXPERIMENTAL RESULTS

Figure 1 shows the development of scattered light and reflectivity with diamond
deposition time. The synthesis has been interrupted three times : at 30 in, 120 mn
and 450 mn, in order to allow the observation of the final morphology at the end of each
stages of the diamond growth. Same experimental synthesis conditions were used at each
stages : a 1 at% methane proportion in hydrogen, a 100 V forward dc bias and a 800 °C
substrate temperature. The general trend with deposition time is an increase in the
scattered light and a decrease in the reflectivity. However, part (a), (b) and (c)
evidence three different variation domains of the scattered light :

- Part (a) in figure 1 corresponds to the first 30 mn deposition time. At these
first steps of the diamond growth, there is a monotonic rise in the scattered light
which takes place after about 15 mn experimental synthesis conditions are well
established. At the end of this first stage, observation with an optical microscope with a
1000 magnifying power did not yet evidence any diamond crystals.

- Part (b) in figure 1 corresponds to the next 90 mn diamond growth. The
development of the scattered light at this stage of the growth shows strong structures.
At the end of this second stage, SEM micrographles presented in Figure 2 (a) and (b)
showed isolated well faceted diamond crystals of about 800 nm in size.

- Finally, pan (c) in figure 1 corresponds to the last 330 mn deposition period.
During this last diamond deposition period, the scattered light first continues to
increase but finally saturates at long deposition times with weak and more or less
regular oscillations superimposed. These weak oscillations are also observed in the
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reflectivity. At the end of this last deposition period, micrography in figure 2 (c)
shows a fully covered film with micrometer sized diamond crystals

Figures 3 shows the development of relative scattered light intensity with
deposition time for two methane proportion in hydrogen : (a),1 at. % and (b), 0.5 at.
%, all other experimental conditions being the same : a 100 V forward dc bias and a
800 °C substrate temperature. It can be seen that for both conditions the general trend
is the same but that the overall relative scattered light intensity is even more delayed
from the beginning of the growth that the methane concentration is lower. From the
very first steps of the growth, the scattered light first increases monotonically, then
presents structures which, for a 0.5 at.% methane concentration, occur at about twice
the deposition time than that for a I at.% one. It can be inferred that this time delays
are related to the diamond growth rate which Is even ,lower that the methane
concentration is lower. The same argument is reflected by the dependence of the
relative reflectivity with deposition time (figure 4) : the decrease of the reflectivity
is even more pronounced than the methane concentration is high.

Although the behavior of the scattered light with deposition time is the same for
the same methane concentration and the same substrate temperature, its overall
relative Intensity increase varies strongly from one sample to another. For example,
the scattered light development with deposition time of two diamond deposits with
same experimental synthesis conditions, are shown in figure 5 (a) and (b). The
relative scattered light had increased by a factor of about 100 in case (a) while it is
only about 5 in case (b). Micrographies of these two samples show isolated diamond
crystals of a same size but with a very different nucleation density *' Na - 2 107 cm- 2 ,
and Nb - 1.7106 cm- 2 . This result indicates that the relative increase of the scattered
light is proportional to the number of diamond crystals which are probed by the laser
light. This is confirmed by curve (b') which corresponds to the scattered signal (b),
but normalized to that of (a) by multiplying it by Na/Nb. This non-reproducibility
from one sample to another could be attributed to different scratching of the silicon
substrate before to the deposition.

DISCUSSION

Roughly speaking we can describe the optical response of our samples during
diamond deposition as follow :.

At the earlier stage of the diamond formation, tiny crystals give rise to Rayleigh
scattering of intensity proportional to the number of nucleation sites and to the square
of the volume of the diamond crystals. The Rayleigh scattering by N isolated spheres of
radius a is proportional to N a6 /. 4 , ). being the wavelength of the light. This formula
applies for values of x < 1, where x , 2.a/X, that is to say for radius of the particles
smaller than 60 nm (if . - 632.8 nm (He-Ne radiation)). Afterwards, light scattering
increases and Mie scattering takes place.

The intensity of scattering by a single sphere, for a 450 scattering angle and for
the impinging and scattered light polarized with the electric vector on the sagital plane
(as is the case in the experiments), has been computed with an exact formalism (2).
Figure 6 shows the results obtained for two values of the index of refraction : n = 2.4
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corresponding to bulk diamond and n = 2 corresponding to a more diamond-like film.
For both cases, the extinction coefficient k has been set to 0.005 so as to take into
account some absorption. It can be seen that the intensity of scattering first increases
monotonically for small sphere radii (a < 60 nm ) and then presents Mie resonances
for a - 100-300 nm. These Mle resonances are even more shifted to greater sphere
radii than the index of refraction is lower.

From this model and considering figure 1, the extremely abrupt increase of the
light scattering from the beginning of the diamond growth at t - 15 inn, up to t - 50
mn, can be inferred to Rayleigh scattering of diamond crystals whose size is inferior to
100 nm. Afterwards Mie resonances are observed (see part (b) in figure 1). By a
simple Inspection of the curve, Rayleigh scattering and Mie resonances draw a very
easy and straight forward way of estimating the mean dimension of the diamond crystals
at this stage of the growth . It is important to underline that the sharp increase of the
s.;attering light at t - 15 mn is indicative of a narrow size distribution of our diamond
crystals, otherwise the curves would be smoothed out.

It is clear that even for relatively thin deposits our samples cannot be described
by a single particle model. At this end the sample must be considered as a rough thin
film presenting, eventually, interference effects as are probably observed for t > 300
mn in figure 1 labeled (c). The general shape of the experimental curves and, in
particular, the noticeable decrease of the reflectivity as a function of the deposition
time can be understood in the frame of a scalar scattering approximation correct for
roughness larger than the wavelength. Within this approximation the scattering of light
does not depend on the correlation function and the change of reflectivity due to
roughness is just given by R-Ro exp-(4S/) 2, Rc being the reflectivity of the smooth
surface and S the amplitude of the roughness (3).

A realistic description of our optical measurements must take into account the
electromagnetic interaction of particles and the contribution of the substrate. These
effects are at present under investigation.

CONCLUSION

These preliminary results indicate that, in-situ measurements of the scattering
of light is a well adapted technique to investigate the diamond nucleation and growth
mechanisms. The start of diamond growth manifests itself by a steep increase in the
scattering of light which is attributed to Rayleigh scattering by tiny particles (with
radii inferior to 600 nm if X = 632.8 nrm, but with even more smaller radii for the
incident light in the UV range). From Rayleigh scattoring, which is proportional to the
number of tiny particles and to the square of the volume of a particle, the nucleation
rate can be determined. For diamond particles with radii of the order of 100-400 nm,
the Mie resonances, which occur for characteristic values of x = 27[a/k allow to
evaluate the cristal size during the diamond growth. By correlation with the
reflectivity measurements, the absorption can be estimatedand; and thus the diamond
"quality". But, also, measurements of the scattering of light is a suitable method of
substrate preparation, before diamond growth takes place, because it is very sensitive
to roughness modifications of the substrate when establishing the experimental
synthesis conditions (for example increase of the roughness due to Si0 2 desorption).
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Currently, we are setting up a more elaborate analysis of the data, which would
take into account the electromagnetic interaction between the diamond crystals and the
influence of the substrate. We are also extending the measurements of light scattering
and reflectivity as a function of the wavelength.
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ABSTRACT

DC plasmas provide a unique opportunity to study the diamond deposition
process. Since they are less complex than other plasma techniques such as
microwave, they lend themselves well to a variety of diagnostic techniques,
including optical emission spectroscopy, Langmuir probe, and mass
spectrometry. These techniques have been applied to diamond producing
DC plasmas to establish correlations between plasma processes and
resulting film characteristics for process control purposes. Relationships
between plasma electrical structure and film properties will be discussed.

1.0 INTRODUCTION

Since the discovery in 1976 of the importance of superequilibrium concentrations of
atomic hydrogen in enhancing the chemical vapor deposition of diamond-bonded carbon
[1], a wide array of potential applications of these films has been proposed. However,
relatively few of these applications have been realized because good quality films can not be
reliably produced. Although CVD growth of diamond is relatively straightforward in most
deposition systems, it is difficult to grow coalesced films with the appropriate growth rate,
uniformity, carbon bonding state, and other qualities required for diamond film
applications. The empirical approach used in many studies of diamond CVD has led to an
understanding of the main effects of many variables on resultant film properties. However,
in situ studies have not yet been able to describe the deposition process to the point where
control mechanisms can be qstablished. A combined empirical and theoretical approach is
needed to develop effective process control in diamond CVD systems.

The objective of the present study is to establish a correlation between the electrical and
chemical aspects of the deposition -nvironment and the film characteristics. To achieve this
objective, both the deposition environment and the resulting films were analyzed.
Statistical experiment design was used to establish the deposition parameters for thirty
experiments in a low current (1 - 2 A) DC plasma diamond deposition environment. These
plasmas were used for film growth and were analyzed with in situ diagnostic instruments.

In this paper, the relationship between the electrical characteristics of the plasma and
film properties is discussed. (Correlations between the results of plasma chemical analysis
and diamond film properties and the process used to empirically establish a process
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window will be published elsewhere [2].) In particular, the spatial variation in potential
(referred to hereafter as the potential profile or electrical structure) near the anode was
found to be a critical parameter in determini.ig bonding state in the growing film. This
result indicates that the instrument used to measure potential, the Langmuir probe, can be of
use as an in situ process control tool.

2.0 EXPERIMENTAL DETAILS

2.1 Overall Approach

To correlate the electrical characteristics of the deposition environment and properties of
the resulting films, thirty carbon films were deposited using the same set of parameters
used for in situ analysis. These experiments were developed using statistical experiment
design, which allows a parameter space to be more quickly and thoroughly investigated
than is possible with the more commonly employed approach in which one factor is varied
at a time [3].

The experimental parameters selected for this study were the system pressure, the
methane concentration, the DC current, and the electrode spacing. The ranges of these
parameters were selected so that diamond, diamondlike carbon, and graphitic films were
produced and were as follows:

pressure .................... 18 -38 ton"
methane concentration ....... 0.2 - 0.6 % in hydrogen
DC current .......................... 1- 2A
electrode spacing ................................. 1 - 3 cm

The flow rate and substrate temperature were held constant at 100 sccm and 725 9C,
respectively. The films grown with these plasmas were characterized for bonding state by
Raman spectroscopy while the growth rate was calculated from SEM cross section mea-
surements.

Prior to implementing the statistically designed experiments, the in situ diagnostic
instruments were used to analyze pure hydrogen plasmas as a function of each of the non-
chemical deposition parameters, i.e., current, pressure, and electrode spacing. From these
data, it was possible to deconvolve the individual effects of these parameters on the plasma
characteristics. When not being varied, each parameter was held at the midpoint of its
above range.

2.2 Deposition and Analysis Reactors

Separate reactors were used for film growth and plasma analysis by in situ diagnostic
instruments. Analysis was performed in a separate reactor to minimize contamination of
the various probes from extended exposure to deposition conditions. The internal
components of the two reactors were designed to be as nearly identical as possible. The
major differences were the chamber wall materials- quartz for the deposition reactor and
aluminum for the analysis reactor- and the anode material which was silicon for deposition
and molybdenum for analysis. No detectable effects of these differences were observed.
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2.3 In Situ Plasma Diagnostic Instrumentation

Three instruments were used to analyze the plasma: a Hiden mass spectrometer; an
EG&G Princeton Applied Research optical emission spectrometer; and a Langmuir probe
based on a design developed by M. Surendra [4]. Only the Langmuir probe and optical
emission spectrometer were used for the work presented here. These instruments are
shown schematically in Figure 1.

The optical emission spectrometer was employed primarily as a monitor of signal
intensity for an emission peak corresponding to excited molecular hydrogen (603 nm) as a
function of interelectrode spacing (an indication of the visible structure of the plasma). The
Langmuir probe was used to acquire current-voltage characteristics (as shown
schematically in Figure 1) as a function of interelectrode spacing. The characteristics were
produced by inserting a platinum wire into the plasma, then biasing it with respect to the
plasma such that currents were induced in the platinum wire. The zero current condition of
the characteristics was used as an indication of plasma potential.

3.0 RESULTS AND DISCUSSION

3.1 Physical Processes in Diamond-Producing Plasmas

To ignite a DC piasma, one electrode (in this case the anode) is held at ground while the
other is biased until partial ionization of the gas takes place. For the diamond-producing
plasmas discussed here, the cathode is maintained at -300 to -400 V. The potential
difference is distributed through the plasma as shown in Figure 2a: most of the potential
change from the driven cathode to the grounded anode occurs over a fairly short distance
near the cathode. Through most of the plasma, the potential is relatively constant and
negative. Near the anode, the potential increases to ground, producing a significant electric
field in this region.

The potential remains negative throughout the plasma because of the high neutral gas
density in these plasmas. At 28 torr and 725 QC (typical for diamond deposition), the
neutral gas density is - 1017 cm- 3, about an order of magnitude higher than that of classical
glow discharges. The increased density results in increased frequency of electron-neutral
collisions which in turn result in decreased electron mobility and diffusivity:

The equation governing total electron flux has two components, one for electrically
driven drift and one for electron diffusion:

Je ="ceNeE-De"d

where Je is the total electron flux, lie is the electron mobility, Ne is the electron density, E
is the electric field, and De is the electron diffusivity. Since the electron diffusivity is very
low in these plasmas, an electric field must develop to supply the electron flux needed to
maintain the plasma. It is the need for such a field that leads to the potential gradients
present in the bulk of the plasma and at the anode shown in Figure 2a.
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The potential gradients determine the visible structure of the plasma. As the electrons
are accelerated by the strong fields near each electrode, they acquire sufficient energy to
participate in inelastic electron-neutral reactions such as excitation, dissociation, and
ionization. As the excited species relax, they may emit visible light as illustrated by Figure
2b, which can be detected by optical emission spectroscopy. Modelling [5] has shown that
dissociation occurs in the same regions as excitation and that dissociation dominates near
the anode and ionization near the cathode [2]., Dissociation leads to the production of
atomic hydrogen and other radicals near the growth surface. Ionization, coupled with the
large electric field near the cathode results in energetic ion bombardment of the cathode,
inhibiting the growth of diamond. The przsence of an anode glow and the electric field
which causes it have been found to be a necessary but insufficient requirement for diamond
growth, as discussed below.

3.2 Hydrogen Plasmas

The individual effects of current, pressure, and electrode spacing on the electrical and
visible structure of pure hydrogen plasmas were studied. Current was found to have little
effect on potential profile since current does not affect electron diffusivity. The visible
structure was affected because increased current results in increased inelastic processes,
including excitation.

Pressure was found to have a strong influence on electrical structure because electron
diffusivity is affected through neutral gas density (see Figure 3). As the pressure was
increased, the gradient in potential in the bulk of the plasma increased. This led to an
increase in the magnitude of the potential change at the anode (dashed line in Figure 4
indicates extrapolated variation in potential). The magnitude of the potential change
adjacent to the anode (hereafter referred to as the anode field) proved to be a good predictor
of film bonding state as is discussed more fully in §3.4. Variations in visible structure
were difficult to evaluate as a function of pressure because of effects such as self-
absorption of emitted light which are also affected by pressure.

Electrode spacing does not affect electron diffusivity but it does affect the total number
of collisions each electron encounters while moving from cathode to anode. As the spacing
increases, the number of collisions also increase and the resistivity must also increase. For
this reason, the potential gradient in the bulk of the plasma was strongly dependent on
electrode spacing (Figure 4). Extrapolation of this gradient to the anode (dashed lines near
anode in Figure 4), however, indicates that the magnitude of the anode field is not strongly
affected by the spacing. This observation is supported by results published elsewhere [2],
namely, that there is relatively little corelation between spacing and carbon bonding state.
Because electrode spacing has no influence on electron diffusivity or density, it also had
little effect on the visible structure of the plasma for a moderate to high pressure.

In summary, pressure, which directly affects electron diffusivity, had a strong effect on
both the magnitude of the .node field and on the potential gradient in the bulk of the
plasma. Electrode spacing, which affects plasma resistivity, had a large effect on the
potential gradient in the bulk of the plasma but only a small one on the anode field.
Current, which affects only electron density but not diffusivity or resistivity, had no
detectable effect on anode field or potential gradient in the plasma.
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3.3 Diamond-Producing vs. Graphite-Producing Plasmas

From the thirty films grown from the parameters established by experimental design,
the plasmas which produced the most highly diamond bonded and least diamond bonded
(i.e., most highly sp2 bonded) were analyzed irn terms of their visible and electrical
structures. The two plasmas had the same current (2 A) but different methane
concentrations, pressures wuid electrode separations. The graphite-producing plasma had a
low neutral gas density and resistivity (18 torr and 1 cm spacing) and high methane
concentration (0.6%) while the diamond-producing plasma had a high neutral gas density
and high resistivity (38 torr and 3 cm spacing) and low methane concentration (0.2%).
Methane con,:entration, like current, has little effect on electrical structure and will be
neglected in this discussion.

The optical emission profiles for the two plasmas are shown in Figure 5a. The cathode
sheaths of the two -"asmas are similar. The anode profiles are quite different in the two
cases. The dianio,,d-producing plasma exhibits an anode glow while the graphite-
producing plasma has none; instead, the emitted light intensity in this region is due simply
to the tail of the cathode sheath.

The observed lack of an anode glow in the graphite-producing case implies that
electrons are not being accelerated to sufficient energies to participate in inelastic electron-
neutral collisions which in turn suggests that there is no significant anode field to accelerate
the electrons. This prediction is consistent with the potential profiles shown in Figure 5b.
The graphitm-producing plasma has a flat potential gradient through the bulk of the plasma
and a magnitude of approximatmly 0 V, so there is no anode field. The diamond-producing
plasma has a strong gradient through the plasma and a potential change of more than 30 V
near the anode. These results suggest that the presence of an anode field and the resulting
anode glow are necessary for the production of diamond films.

3.4 In Situ Control of Diamond Film Growth by DC Plasma Enhanced CVD

The floating potential results displayed in Figure 5b indicates that either the magnitude
of the potential change near the anode or the gradient of the potential through the bulk of the
plasma may correlate with carbon bonding state. To verify this trend, the potential profiles
for all thirty of the plasmas were categorized by the type of film each plasma produced-
diamond, diamondlike carbon, or graphite- so that variations in potential profile could be
observed. General trends were apparent from this analysis, but electrode spacing had a
strong effect on potential gradient in the bulk of the plasma which interfered with
interpretation of the anode field, therefore the plasmas were subdivided again according to
narrow (1 - 1.5 cm) and wide (2 . 3 cm) electrode spacings. These profiles are shown in
Figures 6a and b for graphite- and diamond-producing plasmas.

The increase in magnitude of the anode field with increased diamond bonding is
particularly apparent for the narrow spacing cases. The wider spacings show some
departures from this trend, but these can be attributed to plasma instabilities. Such
instabilities are more apparent at wide spacings because it is more difficult to accommodate
the destabilizing effects of low currents and high pressures. Nonetheless, the general trend
is apparent in both cases. These results indicate that a Langmuir probe located near the
anode of a DC plasma could be used as an in situ indicator of film bonding state and
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therefore provide a useful sensor to improve the reproducibility of DC diamond deposition
processes.

4.0 SUMMARY AND CONCLUSIONS

Spatially resolved Langmuir probe and optical emission measurements of diamond- and
graphite-producing plasmas combined with film characterization have yielded a correlation
between plasma structure and film bonding state. This relationship arises from the high
neutral gas density of the plasmas used to grow diamond. The high neutral gas density
reduces the electron diffusivity so that electric fields must develop in Llie plasma to drive the
electrons out of the plasma to maintain the plasma current. The electric field at the anode
accelerates the electrons to sufficient energies to produce dissociation, excitation, and, to a
lesser extent, ionization by inelastic electron-neutral collisions. Electron impact dissocia-
tion yields atomic hydrogen and methyl radicals, both of which are believed to be important
species for diamond growth [2,61. These observations could be exploited for a control
system for DC plasma diamond deposition; the potential near the anode can be monitored
with a Langmuir probe and optimized by controlling the deposition pressure.

5.0 ACKNOWLEDGEMENTS

The authors gratefully acknowledge support for this work through AFOSR Phase II
SBIR Contract No. F49620-89-C-0009. We also thank I. Mikheyeva for the growth and
Raman spectroscopy of the carbon films, C. Bailey for construction of the Langmuir
probe, and M. Surendra and D.B. Graves for many useful discussions.

6.0 REFERENCES

1. B.V. Deryagin, D.V. Fedoseev, N.D. Polyanskaya, and E.V. Statenkova; Soviet
Physics- Crystallography, 21 (2), p. 239 (April 1976).

2. L.S. Plano; "Structure and Chemistry in Diamond-Producing DC Plasmas;" Ph.D.
Thesis, Dept. of Materials Science and Engineering, Stanford University; Stanford,
CA (1991).

3. The Experiment Strategies Foundation, Box 27254 Seattle, WA 98125.

4. M. Surendra; "Langmuir Probe Theory and Its Application in Radio-Frequency
Excited Plasmas;" S.B. Thesis, Dept. of Chemical Engineering; Massachusetts
Institute of Technology, Cambridge, MA (1985).

5. M. Surendra, D.B. Graves, and L.S. Piano; to be submitted to Journal of Applied
Physics.

6. S.J. Harris; Aupl. Phys. Lett., 56 (23), p. 2298 (1990).

295

(m n i; ,,, ,



cathode

,,,'......... ,' J ",. : .,'Optical
k~xxxxxxxxxx xx Emission

anode substrate Spectroscopy

LangmuirProbe

Figure 1: Schematic diagram of two plasma diagnostic instruments. Left:
Langmuir probe with typical probe characteristic. Right: Optical
emission spectrometer with typical wavelength spectrum.

0 anode' Figure 2:

> -20 It field (a) Electrical and (b) visible structrue
of plasma. Note correlation between

.40 = large potential gradients and emitted
l light intensity..60

-80

(a)
-100 I

"0 (b)

200 anode cathode
glow sheath

0 5 10 15 20

Distance from Anode, mm

296



S18 torr > -20

1. 60 .38 tort o 6

-80 . 80

000 5 10 15 20 0 10 20 30

Distance from Anode, mm Distance from Anode, mm

Figure 3: Dependence of floating po- Figure 4: Dependence of floating po-
tential profile on deposition tential profile on electrode
pressure. spacing.

(a) 0---O (b)
Cc 300 -d > 2

-20

-.40 HH

M -100
10 20 30 0 10 20 30

0 Distance from Distance from Anode, mm
A~node, mm

200 20
bo

150 15

,100 10

0 5

00.0 1 10 ' 2.00 o

Distance from Anode, mm

Figure 5:., (a) Optical emission and (b) potential profiles for diamond-
and graphite-producing plasmas. Closed circles: diamond;
open circles: graphite.

297



0 graphite graphite

>: 0 . . . .30

-10

o 7IE .20
• -30

E -40 -90

-50 diamond 110 diamond
">: 0 - - - - - - - - - >.-30

.1o -50

1 -20

.30

.40 -90. .. . . . . . . . -I10

-500 5 10 15 10 20 30

Distance from Anode, mm Distance from Anode, mm
(a) (b)

Figure 6: Potential profiles for (a) narrow and (b) wide electrode spacings.
Top plots are from plasmas which produced graphite films while
bottom plots are from plasmas which produced diamond films.

298



PART III: DIAMOND FILM PROPERTIES
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ABSTRACT

The interrelationships between synthesis, processs, the structure and
selected applications of low pressure synthesized diamond are discussed.
Optical and electronic applications are explored and the required structural
characteristics and processes that determine these characteristics explored.

Introduction

The potentially vast range of applications for diamond crystals, films and thick
diamond structures, synthesized by low pressure activated techniques, d-rive from the
unsurpassed physical properties of this material. These properties are by now very
familiar to practitioners in the field and, briefly, include the exceptional thermal
conductivity (20 w/cm-K for isotopically mixed diamond structures and a demonstrated
30 w/cm-K for isotopically enriched diamond), the low coefficient of friction and the
high wear resistance, the superior transmission to radiation over a very broad spectrum of
wavelengths, the high band gap attended by high resistivities and high breakdown electric
field strengths, and a low work function.

The transition of a new technology from the research laborat')ry into
manufactured products is a function of a number variables, not all of which are
technology driven. Since the initial discovery of the low pressure diamond synthesis
process significant progress has been made in developing an understanding of the
process /property relationships. Applications of diamond films in various forms are
beginning to emerge. The situation is such that sufficient knowledge has been developed
regarding process flexibility, materials properties and fabrication approaches that
preliminary product applications are becoming a reality. However for deriving the full
benefit of diamond in the very large number of potential applications significant further
work remains. The fundamental requirement is a knowledge of structure/property/
process relationships for the various approaches utilized to synthesize diamond at low
pressures. A significant body of information has been developed relating the process
variables in diamond synthesis to the micro structure of the resulting material. The
relation of these variables to physical properties of importance have, however, not yet
received the attention they deserve. The relationships between
structae/process/properties and the operational characteristics of diamond based products
is at an even more primitive stage of understanding. Consequently a fundamental
requirement is the coupling of the various stages of process knowledge with structure,
properties and product performance.
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In this paper the relationship of applications of low pressure synthesized diamond
to structure/properties and the synthesis process is discussed. By defining the
requirements of the applications the microstructural characteristics of the diamond can be
defined which, in turn, will determine the process variables that have to be developed,
understood and controlled. These interrelationships can be depicted as in figure 1. The
current understanding of the key requirements of structural properties are related to
selected applications of diamond in optics and electronics.

For the purposes of this discussion structure is defined broadly to include phase
purity; microstructure involving grain size, morphology and orientation; geometrical
factors including surface smoothness, thickness uniformity, selectivity of growth on
substrates of interest; and defect structure and impurities. Clearly the relative importance
of these various factors would be a function of the particular application. The process
requirements/ capabilities depicted in Figure 1 are related closely to the struatural
requirements.

Phase purity

The most extensively investigated processes in low pressure diamond synthesis
deals with phase purity. The ability to synthesize diamond at low pressures is based on
the use of kine, -lly driven processes whereby a supersaturation of hydrogen is utilized
to stabilize the diamond phase as well as to selectively remove any graphite formed.
Among the process variables that have been shown to affect phase purity the most
important is the ratio of hydrocarbons ( such as methane) to the hydrogen. It has been
well established that increasing this ratio leads to increasing concentrations of non-
diamond bonded phases in the films and the maintenance of high purity, in terms of
minimisation of non-diamond contamination, requires a low methane to hydrogen
concentration in the typical CVD of diamond. Figure 2 shows the relationship between
the ratio of the diamond to non-diamond bonded phases as a function of methane
concentration in hydrogen (1). This ratio drops rapidly as the methane concentration is
increased. Although this behaviour is generally observed with all the low pressure
synthesis techniques, the specific details of the concentrations of hydrocarbons at which
unacceptable amounts of non-diamond phases get included in the growing material are
technique and process specific.

As reported elsewhere in these proceedings (2) it is found that the relationship
bevween the concentration of hydrocarbons in the process gas mix and the phase purity of
the resulting diamond is also a strong function of the surface characteristics of the
diamond during synthesis. Diamond films and crystals have been synthesized at methane
concentrations as high as 15% by periodically activating the diamond surface by oxygen.
The ability to alter the phase purity of the diamond during growth is a technique that is
available to manipulate the microstructure of the diamond film. This is discussed further
in a later section.

Phase purity effects are very important in determining the poperties of diamond
and the opportunities for incorporating non-diamond bonded phses in diamond films
and thick diamond structures exist which do not only depe. upon the mix of process
gases in the reaction chambers or the diamond synthesis ambient. Local effects at the
surface of the diamond play a strong role in local material incorporation phenomena and
thus on the properties of the diamond. Ald )ugh further research is required to better
understand the relationships between process variables and the phase purity of diamond
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films, for the purposes of this paper it will be assumed that diamond films of the required
purity can be synthesized by the use of supersaturations of hydrogen in the process gas
mix and that the concentrations of non-diamond phases can be maintained at a negligibly
low level so as not to affect the physical properties of diamond. Selected applications of
low pressure synthesized diamond will now be discussed and the interrelationships
between the required properties, the structure and the process explored.

Optical applications of diamond

Diamond is transparent over a very wide rang of the electromagnetic spectrum.
This property leads to a large range of potential applications in the form of windows for
radiation ranging from X-rays to the far infrared. Among the first commercial
applications of low pressure synthesized diamond are X-ray windows for utility in
analytical instrumentation. The combination of the low atomic number and the superior
mechanical properties of diamond enables the fabrication of very thin diamond windows
to replace beryllium windows in energy dispersive X-ray analysis instruments. The
attractions of diamond windows lie in the superior transmission to X-rays that thin ( < 1
pm) diamond windows afford. In Figure 3 the X-ray transmission characteristics of
conventional beryllium and thin diamond (carbon ) windows are compared in a plot of
the percent transmission of characteristic X-rays for various light elements (3). 0.5 and 1
pim thick diamond windows are more transmissive than the typical 8 and 12.5 Am
beryllium windows. The detection of light elements with atomic numbers below that of
sodium is not possible with the beryllium windows whereas diamond windows permit
the detection of elements of atomic number down to boron. Beryllium windows below -
8 gm are not easy to fabricate without pinholes and other flaws. Since these windows
have to withstand pressure differentials up to 2 atmospheres and have to be helium leak
tight, thin beryllium windows are not practical for this application. Thin diamond
windows, however can be fabricated without pinholes and other flaws and have the
requisite mechanical properties to withstand pressure differentials encountered in the
typical operation of X-ray analysis instruments.

The structural requirements for the fabrication of windows of this type as well as
allied products such as X-ray lithography mask membranes can be ennumeratued as
follows:

. Since windows and membranes for X-ray applications have to be very thin,
ranging from < 0.5 jim to > 2 pim a primary requirement is that the grain size of the films
be smaller than the thickness.

-Since such windows have to be mechanically robust, being able to withstand
pressure differentials greater than one atmosphere as well as handling requirements
associated with further processing such as absorber deposition and patterning in the case
of X-ray lithography mask membranes, the windows have to be defect and flaw free.
Defects such as pinholes, incompletely consolidated triple points between grains, etc.
.annot be tolerated. This is particularly true for the case of X- ray windows for analytical
instrumentation since such windows have to be vacuum leak tight.

* The stress state of diamond membranes is important for X-ray lithography
applications. Utilizing microwave enhanced chemical vapour deposition techniques thin
(-2 pum) diamond films have been fabricated which have been measured to display a
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tensile stress of the order of 5 X 109 dyn/cm2 (4), a tensile stress value that is entirely
acceptable for the intended application. The finding that diamond films with a built in
tensile stress component that more than compensates for the differences in the coefficient
of thermal expansion between diamond and silicon substrates on which the diamond
films are deposited is an important finding that enables the development of taught
membranes, in a state of tension for lithography mask fabrication. Although the specific
reasons of this behaviour of diamond membranes have not been discussed in the open
literature it is clear that the stress state of polycrystalline diamond films is a function of a
number of deposition variables including the synthesis temperature, the deposition rate
and the resulting microstructure of the films.

The fundamental process requirement for the fabrication of diamond windows for
X-ray applications is the need to synthesize films with a small grain size and uniform
distribution of grain size over the area of the window. To achieve a small grain size the
nucleation density has to be enhanced such that a high density of crystallites are nucleated
and these crystallites aggregate to form a film of the desired thickness, without any pin
holes or other discontinuities. For thin windows this requires considerable enhancement
of nucleation density. The most commonly used approach to promote nucleation of
diamond on foreign substrates is to abrade the surface with a suitable abrasive to generate
surface mechanical damage which promotes diamond nucleation. An alternative approach
involves the deposition of thin diamond like carbon films by the use of a higher
concentration of hydrocarbons in the process gas mix than that required to synthesized
diamond. This technique has been reported for the case of nucleation enhancement of
diamond utilizing DC glow discharge CVD, RF excited CVD and combustion flame
synthesis (5-7).

Passive electronic applications of diamond

Passive electronic applications entail the use of diamond in conjunction with
active elecr )nic materials such as silicon and gallium arsenide. The properties of
diamond that -nake it particularly attractive in passive electronics include its exceptional
thermal conductivity, the very high electrical resistivity, the low dielectric constant and
chemical non-reactivity. These characteristics find use in electronic packaging, as
dielectrics in conjunction with other semiconductors such as silicon and for protecting
electronic circuits from environmental effects. The near term application of low pressure
synthesized diamond in passive electronics is likely to occur in electronic packaging and,
specifically, in its use as a heat sink for thermal management in electronics.The attraction
of diamond as a substrate for electronic devices and circuits can be demonstrated by
comparing the thermal conductivity and the dielectric constant of a number of candidate
packaging materials with those of diamond. This is shown in Figure 4.

Diamond exhibits the highest thermal conductivity and the lowest dielectric
constant of all electronic ceramics with only SiO2 and the polymeric materials exhibiting
lower dielectric constants. This combination of properties has important implications in
the use of diamond as a substrate for high speed and microwave devices.

For the development of diamond substrates that effectively utilize all the desirable
attributes of this material thick diamond structures are required. Thin films of diamond
deposited on other substrates such as silicon or metals may serve the purpose of
spreading locally generated heat but lack of sufficient material in the thickness direction
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effectively limits the use of thin films. For applications such as the development of
diamond based multi-chip modules it is necessary that free standing diamond substrates
of thicknesses of 0.5 to 2 mm be synthesized. In order to achieve this, high growth rate
techniques have to be developed and scaled. The economics of manufacturing thick
diamond structures are very closely related to the growth rate. In figure 5 the time
required to produce diamond structures 1 mm and 2 mm thicknesses, respectively, is
plotted as a function of growth rate. The demarcation in the growth rate between the low
growth rate CVD techniques and the high growth rate thermal techniques is indicated at -
10 gm/hour. For achieving practical production times, and hence economics of
manufacture, growth rates in excess of 30 pm/hour and, preferable, in excess of 50
pm/hour have to be achieved over large areas. For addressing this application the high
rate thermal techniques have to be used.

In the growth of thick diamond structures a particularly important issue is that of
morphological instabilities attending the high rate synthesis of diamond. In the growth of
diamond one of the sought after objectives is that the interface between the gas phase and
the solid be planar and advance smoothly in a direction normal to itself as growth
proceeds. However, in real crystal growth processes, and particularly at high growth
rates, such quiescent interfaces are the exception rather than the rule. Typically, small,
random fluctuations at the interface can grow with time leading to morphological
instabilities (8,9). This can lead to extremely rough surfaces, the trapping of voids and
discontinuities and the incorporation of impurities and second phases in the growing
material.

The modeling of interface instabilities has been treated in the literature. For CVD
processes the early work of van den Brekel and Jansen (10) examined the stability of
planar gas-solid interfaces utilizing first order perturbation calculus. They showed that
vapour growth is essentially an unstable process whereas vapour etching in an essentially
stable process.

Recently Palmer and Gordon (11) have combined the ideas of van den Berkel and
Jansen (10) and Mullins (12) to develop a continum description of the CVD process. In
essence this model invokes three processes at work in the growth of films. The
appropriate chemical specie for the synthesis of zhe solid is created in the gas phase and
diffuses to the interface by gas phase diffusion. Once the specie arrives at the interface it
is either, (a) incorporated into the surface, (b) it can move over the surface by surface
diffusion or, (c) it can be re-evaporated into the gas phase.These processes are described
by a system of partial differential equations with the final result that Palmer and Gordon
arrive at being the following:

- A2 2 vDsrk 4 y Cq fiDo 3 Y lDO DD0 o (no -q
kT (1 +sk)kBT (I +sk)(L+s)

where o) is the stability parameter, Q is the atomic volume in the bulk, v is the
concentration of surface particles, y is the surface tension, Ds is the surface diffusion
coefficient, Do is the gas phase diffusion coefficient, c eq is the equilibrium concentration
of the active specie in contact with a flat interface, s is the sticking parameter, L is the
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thickness of the boundary layer above the surface, k is the mean curvature of the
interface, no is a constant and T and kb are the absolute temperature and the Boltzmann's
constant.

The first term in the equation is related to surface diffusion which is a result of
chemical potential gradients, the second term is due to desorption or re-evaporation of
surface particles and the third term represents the net flux of particles to the surface and is

overned by the gas phase diffusion coefficient. The first two terms in the equation work
n such a manner as to stabilize and smooth out the interface, whereas the third term is

destabilizing and causes morphological instabilities.

For the case of diamond synthesis one can show that the first two terms in the
stability equation are reduced to zero (13). The first term, the surface diffusion term, is
largely a function of Ds, the surface diffusion coefficient. Ds is expected to be negligible
for diamond. The second term in the stability equation is the re-evaporation or desorption
term and this is also expected to be negligible since in the diamond synthesis ambients the
diamond phase of carbon is very stable and gassification of the diamond, once it has been
formed, will occur very slowly, if at all.

From the above it is clear that high rate deposition of diamond is accompanied by
surface instabilities and these instabilities are magnified with time of growth. With
sustained growth certain regions of the film grow at a higher rate than neighbouring
regions. A finger like morphology develops with the taller regions shadowing the shorter
regions as well as getting closer to the source of nutrients. Such instability effects have
been termed competitive shadowing and nutrient starvation processes. These mechanisms
are a dramatic feature of high rate diamond synthesis as demonstrated below.

Figure 6 is an example of this effect in thick diamond structures grown at high
growth rates. Morphological instabilities manifest themselves in the form of columnar
growth of indvidual crystals, the development of voids and very rough surfaces. The
larger crystallites screen the smaller crystallites from the source of nutrients, further
accelerating the instabilities. It has also been shown that non-diamond phases, such as
DLC, can be trapped in an uncontrolled manner in the material as a result of the instability
phenomena (13).

To avoid such instabilities processes that permit periodic interruption and
renucleation of the diamond have to be developed. One such technique is to periodic
deposit very thin layers of diamond like carbon on the growing diamond surface followed
by recommencing diamond growth. Such an approach has been reported and figure 7 is
an example of the cross sectional structure of a composite structure achieved by the
alternate deposition of diamond and DLC (14). This is achieved by cycling the process
gases between diamond synthesis conditions ( a high ratio of oxygen to acetylene in the
combustion flame synthesis process ) and DCL synthesis conditions ( a reduced ratio of
oxygen to acetylene). By appropriately controlling the relative deposition time of diamond
and DLC it is feasible to achieve dense structures without morphological instabilities
while minimizing the DLC content of the completed structure.

Active electronic applications of diamond

Active electronic applications of diamond include the fabrication of devices
whereby carrier transport occurs in the diamond and mechanisms of rectification,
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switching, transistor action and current gain are promoted. The wide band gap, high
thermal conductivity and the high carrier mobilities are the driving force for the
exploitation of diamond in active electronic applications. A fundamental technology that
has to be developed is the growth of diamond single crystals on non- diamond, larger
area, low cost substrates. Although homoepitaxy of diamond is feasible this process does
not meet the requirements enumerated above and as such is not economically viable.
Heteroepitaxy continues to be an elusive goal. Consequently, techniques such as grapho-
epitaxy and syntaxy have to be developed to achieve single crystal growth.

It has been demonstrated that diamond single crystals can be grown on non-
diamond surfaces by promoting lateral growth of (100) oriented faces of diamond (15).
It has been proposed that lateral growth occurs as a result of the creation of atomic sized
ledges on the diamond surface by active specie such as oxygen or OH radicals, which are
ingredients of combustion flames that can be utilized to synthesize diamond, followed by
the sideways propagation of the ledges. This approach dispenses with the need to have
lattice matched substrates and diamond growth is promoted on diamond nucleated on a
foreign, non-lattice matched substrate. Figure 8 is an example of a diamond single crystal
- 50 gm X 50 g~m in dimension synthesized by the combustion flame synthesis
technique. Growth ledges are observed on the surface of the crystal. The electron
channeling pattern shows that the crystal exhibits a 1 100) orientation and the Auger
spectra shows that the crystal is of high quality as compared with a natural diamond
single crystal.

For the practical utilization of such single crystals it is necessary that the spatial
location of such crystals be controlled on a convenient, low cost substrate such as silicon.
For this purpose selective nucleation techniques can be applied. Selective nucleation of
diamond has been demonstrated and it should be feasible to combine selective nucleation
with lateral epitaxial growth techniques to achieve arrays of diamond single crystals on
non -diamond substrates for further processing, in wafer form, into devices. These
technologies require further development of selective nucleation processes and
approaches to control the orientation and structure of diamond single crystals.

Selective nucleation processes can also be utilized to synthesize micron sized
diamond crystals to function as local field emission sources in the fabrication of vacuum
microelectronic devices. Elsewhere in these proceedings the attractions of diamond as a
field emitter have been discussed (16). The combination of negative electron affinity, near
zero work function and the high thermal conductivity makes diamond a very attractive
candidate for the fabrication of field emitter structures. Figure 9 is an example of arrays
of diamond crystals, selectively nucleated on a silicon wafer showing the potential of
such processes for the fabrication of vacuum miocroelectronic devices.

Conclusions

The interrelationships between structure, process and selected applications of low
pressure synthesized diamond have been discussed. It is clear that further knowledge of
processes and their relationships to physical properties is required to successfully utilize
diamond in the large range of potential applications of this material. This paper has
attempted to discuss some of the pertinent, current issues in structure -property
relationships and applications of diamond films.
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Figure 1. Interrelationships between applications, structural requirements and process
requirements in the low pressure synthesis of diamond
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Figure 6. SEM micrograph of a cross section of a thick diamond structure demonstrating
morphological instabilities attending the steady state, high rate growth of diamond (13).
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Figure 7. Cross sectional structure resulting from the alternate deposition of diamond
and thin DLC layers. Morphological instabilities are eliminated (14).
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Figure 9. Examples of arrays of diamond crystals nucleated on a silicon wafer for
application as field emitter arrays in vacuum microelectrnics.
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NUCLEATION AND GROWTH OF WEAR-RESISTANT DIAMOND COATINGS

Benno Lux and Roland Haubner, Institute for Chemical
Technology of Inorganic Materials, Technical University
Vienna, Getreidemarkt 9/161, A-1060 Vienna, Austria

Freestanding low-pressure diamond sheets bonded to
tools or wear parts and CVD diamond-coated
products are now on the market for testing. Their
cutting performances approach those of commercial
wear-resistant products.
Low-pressure diamond grits and new composite powders
(e.g. diamond-coated superhard c-BN powders) could
provide new and extraordinary grinding properties.
These "simple" applications will soon lead to
competitive commercial products, if the process
upscaling - now under development - can make low-
cost and reliable fabrication possible,

1. INTRODUCTION

Protective hard coatings are used industrially for
purposes ranging from maintaining the aesthetical
appearance of scratch-resistant watches or jewelry to
improving the performance of wear-resistant tools. Typical
examples for tool applications are dies for wire and tube
drawing, punching edges, sliding friction parts, cutting
tools, etc., For about 20 years, CVD coatings of refractory
carbides, nitrides and oxides have improved cutting
performances and lifetimes of cemented carbide tools which
are used mainly for metal cutting /l/.
Natural as well as high-pressure diamond has long been
used for a variety of tools., It is either brazed directly
onto the surface of the tool or previously-formed thin
sintered PCD (= Poly-Crystalline Diamond) compacts are
bonded to the surface of a tool substrate /2/,

1.1. Low-pressure in situ diamond coatings vs. solderin
of freestanding films

The low-pressure diamond synthesis makes in situ diamond
as a tool coating feasible /3/. It is also possible to
produce thin, freestanding diamond layers which are bonded
to the tool surface, as done for PCD products. Depending
on the specific technical application, both techniques
have proven successful /4/. The freestanding layer
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application is however much simpler as the diamond layer
growth and ite adhesion are carried out in separate
product steps, The substrate material for in situ coating
cannot be chosen freely. It must fulfill certain specific
needs for diamond nucleation and growth, and good adhesion
must also be assured.

1.2. Typical tool substrate materials
Normally the substrate bulk material for tools must have
high toughness, stiffness, mechanical and thermal shock
resistance, hot hardness, high heat conductivity, etc. For
a tool to be effective, strong coating adhesion is
essential, whereby apparently at least a partial chemical
bonding between the coating and the refractory carbides of
the hard metal is needed for perfect adherence /5/.
Cemented carbides, the traditional bulk materials for such
applications, seem to be a good choice for diamond-coated
tools as well. They can withstand high local pressures and
temperatures, including those occuriing at cutting edges
during chip formation. other promising candidates are the
so-called cermets (Ni-bonded TiC and TiN), as well as some
special oxides and nitrides (A1203, Si3N4, SiAlON).
Refractory metals are of interest as intermediate layers
/6/.
Both diamon nucleation and growth can be strongly
influenced by the substrate surface and its chemistry /3/.
Uncontrolled interface reactions during the deposition can
be detrimental, as when causing changes of the diamond
crystal growth mode or even graphite formations due to
excess Co binder at the cemented carbide surface /3/.

1.3. performance obtained so far
Cutting tests with diamond-coated tools on hypoeutectic
AlSi alloys confirm that the adhesion problems can be
controlled, The performance of low-pressure diamond-coated
tools now approaches that of commercial PCD products
/3,6/. The automotive industry will be one of the
principal users of such tools /7/., Since for very complex
tools only the traditional low-performance tool materials
are now competitive, diamond-coated tools, which are
hardly feasible with today's PCD technology,, represent a
significant market potential,

1.4. Abrasive low-pressure diamond powders
Another typical application which has long held an
appreciable share of the market is the use of diamond
grits for grinding and polishing. Pure diamond and
composite nowder particles were recently produced by the
low-pressure method /8,9/. Due to their particular
structure,, composite powders can be expected to be
suitable for specific grinding and polishing applications
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as well as for revolutionary uses yet to be developed. One
of these new products is a composite powder with a
superhard c-BN core surrounded by a diamond shell /10/,
Special PCD products, made by compacting composite powders
into the required shapes, will open up new dimensions for
the fabrication of specialized high-performance tools.

2. NUCLEATION OF DIAMOND

The usual pre-nucleation steps for diamond nucleation are
illustrated in Fig.l. Surface diffusion and subcritical
cluster formation should precede the stable growth stage.
Yugo et al. /11/ suggested the size of a homogeneous
diamond nucleus to be about 30 A.
The nuclei are difficult to observe but the early growth
stages of diamond can be easily seen by SEM /12/. Assuming
that each of the visible tiny crystallites originates from
a surviving, supercritical diamond nucleus, the nuclei
number is easy to count.
Clusters of subcritical size should form continuously from
the incoming flux on the substrate surface which does not
react with carbon. Stable nuclei develop and grow to
crystals, which then grow together, resulting finally in
the coating /13,14/.

2.1. Kinetics during diamond deposition
Although the basic low-pressure diamond synthesis differs
little from a normal CVD process except in its need for
gas activation, a comparison of its chemistry with "normal
CVD processes" reveals both differences and similarities
/3/. Various carbon species are supposedly involved in the
atomic attachment /15-20/. The presence of atomic hydrogen
leads to a "selective etching". Under "super-equilibrium"
conditions and at certain temperatures, pressures, etc.,
the appearance of sp2-bonded carbon (graphite) is
prevented and the sp3 -bonded carbon (diamond) is stable.
These kinetic reactions are essential for the CVD diamond
formation /21,22/.

2.2. Substrate/reaction eas interactions
The main reason for the long incubation times frequently
observed for diamond nucleation is the occurrence of
chemical interactions at the substrate surface with the
synthesis gases, e.g:
- atomic and molecular hydrogen
- hydrocarbides or CHx radicals
- oxygen, dopants, etc., as applicable

Depending on the nature of the substrate, different
chemical reactions and/or diffusion with hydrogen and/or
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carbon are possible. Chemical reactions occur normally
with compounds such as oxides, nitrides, sulfides,
etc, /23/,

Obviously the formation of new compounds on the substrate
surface can be beneficial or detrimental for the diamond
nuclei formation as such. Gas formation can also strongly
interfere with the nuclei formation. Both can prolong the
time needed to develop the early growth stages and can
also influence the adhesion of the final diamond coating
/3,23/.

Regarding the carbon/substrate interactions only, metals,
alloys and pure elements can be classified in three
groups,

1. Little or no solubility or reaction: diamond, graphite,
Cu, Ag, Au, Sn, Pb, etc.

2, C diffusion only, whereby C dissolves in Me(C) mixed
crystals: Pt, Pd, Rh, Fe, Ni, etc. /24/.

3. Carbide formation /25/
metallic: Ti, Zr, Hf,

V, Nb, Ta,
Cr, Mo, W, etc.
Fe, Co, Ni (metastable), etc.

covalent: B, Si, etc.
io .c : Al, Y, rare earth metals, etc.

Besides the surface modifications discussed above, which
lead to compounds promoting heterogeneous diamond
nucleation, certain substrate materials (2 and 3) delay
diamond nucleation by acting as carbon sinks. At
deposition temperatures, large amounts of carbon are
transported into the bulk, where it forms either carbides
or solid solutions. This leads to a temporary decrease in
the carbon surface concentration, which delays the onset
of nucleation. For substrates with very high C diffusion
rates their thickness becomes a relevant parameter for the
onset of nucleation. Thin foils reach their carbon
saturation more rapidly than bulky crystals /26,27/. If
the carbon solubility decreases with temperature,
formation of metastable carbides or precipitation of
graphite (Me+C) usually occurs during cooling /24/.

2.3. Nucleation on different-subsftrat-e
If nucleation were independent of the substrate, the
weight increase during the nucleation period would be
identical for all substrates. Experiments showed however
that the weight change during the early stage of diamond
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deposition depends on the substrate used (Fig.2) /23/.
Only after the surface is completely covered with diamond
did the weight increase with time become constant for most
of the substrates investigated.

Not only the weight change but also the nuclei number and
the time to obtain full coverage of the surface (= layer
formation) depend strongly on the chemical nature of the
substrate and its surface condition /12,23,28,29/.
The C oversaturation needed for heterogeneous nucleation
to occur obviously depends on the chemical nature of the
substrate. If the substrate surface itself cannot nucleate
the diamond, but must first undergo a chemical reaction to
produce a suitable basis for heterogeneous nucleation,
then the longer incubation time is logical (Fig.3,4). For
example, it takes hours for diamond crystals to become
visible on the clean surface of a Si wafer, while
nucleation on single-crystalline SiC takes place rapidly
/23/. As known for the refractory metals /30,31/,
apparently Si must also form its carbide before nucleation
can occur /32,33/

2.3.1 Diamond nucleation and growth on SiAlON substrates
Diamond deposits readily on SiAION substrates, resulting
in high nucleation densities /23/, After the layer is
formed, further growth is influenced only by the diamond
deposition parameters. These effects can be explained by
the high resistivity against the activated H2/CH4 gas
mixture during diamond deposition.

2.3.2 Cemented carbide suLstrates and nucleation
Bichler /34/ reported that the diamond nucleation rate on
cemented carbides without prior diamond polishing
treatment of the surface decreases with increasing Co
concentration (3-10% Co). At a Co concentration above 6%
the diamond nucleation rate reached the minimum. A
negative influence of Co on diamond nucleation on cemented
carbide surfaces was reported by Matsubara and Kihara
/35/. They obtained a graphitic carbon deposition on the
Co phase, which was later overgrown by diamond, leading to
poor adhesion of the diamond coatings. Although this is
difficult to observe for the fine-grained cemented
carbides normally used, the same basic principles still
apply /36/.

The Co concentration clearly influences the diamond
crystal growth and its morphology as well, At low
concentrations (0 to 0.3 % Co) and short deposition times
no nucleation effect or growth changes due to Co were
observed. At a higher Co content (3%) branching due to
surface nucleation occurred and smaller crystals were
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grown on top of the larger ones. Co diffusion to the layer
surface led to a secondary nucleation of new diamond
crystals. A similar influence of diffusing Co on CVD
depositions other than diamond have already been
investigated for A1203 coatings using Auger analysis /37/.

3. MANIPULATIONS TO ENHANCE DIAMOND NUCLEATION

The scratching and polishing of Si wafers with diamond
grits or other hard particles such as SiC, B4C, c-BN,
etc. /11,29,38-41/, precoating with diamond-like carbons
/41/, or even fingerprints on refractory metals /42/, were
reported to promote diamond nucleation on Si wafers., They
avoid the long exposure times required on smooth Si /32/.
Nucleation enhancement by surface treatment is however
specific for neither diamond nucleation nor for Si
substrates. Various refractory metals showed analogous
enhanced diamond nucleation as well as rapid film
formation after polishing or scratching with diamond, SiC,
A1203 or other particles (Fig.5) /12/,
The comparison of various polishing and grinding materials
and their interaction with different substrates should
also yield valuable information about the mechanisms
involved /12/., Thin corners are prone to be carburized
more rapidly than flat surfaces, which could explain the
early nucleation on exposed groove walls or fracture
surfaces. Remaining fragments of the grinding materials
are also possible nucleation sites, as the critical
homogeneous nuclei size for fractured diamond particles to
act as nuclei can be expected to be rather small.

4. DIAMOND GROWTH

4.1. Nucleation number and layer growth rates
For the coating formation two growth regimes must be
distinguished /28/. During the early growth period the
nuclei grow as isolated crystals. The crystals grow, form
larger islands and finally completely cover the substrate
surface. The initial rapid increase in size of the
isolated crystals and islands is due to abundant surface
diffusion of carbon from the relatively large ciamond-free
areas surrounding them /43/. After layer formation, the
increase in thickness is proportional to the incoming
carbon flux., The time needed to form a continuous film
depends not only on the growth parameter chosen but also
on the number of nuclei formed. As outlined above, the
substrate and its surface condition are important
additional parameters for this. Usually the growth rate of
the coating itself is independent of the substrate.,
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4.2. Formation of layers and coatings
The mechanism described above is also valid for other
facetted crystals. As well known from various CVD coatings
on tools (A1203, TiC, etc.) /44/ preferred growth
directions can lead to "columnar" structured layers which
are also observed with CVD diamond /3,45-47/.

Outward diffusion of impurities from substrates can be
undesirable since facetted crystal growth is usually very
sensitive to foreign elements /37/. This was an early
problem with A1203 coatings on cemented carbides /44/, As
seen above, Co binder diffusion also has negative effects
during diamond coating /36,48,49/. Proposed solutions to
the problem include intermediate layers /50/, removal of
excess Co by etching /36/, and using substrates with low
Co contents /48,51/,
A "beneficial" effect of such diffusion is the faster
layer growth rate on BN substrates, most likely caused by
an "outwards" diffused boron "impurity" which accelerates
the diamond growth /52/.

5. SPECIFIC PROBLEMS ENCOUNTERED DURING DIAMOND CVD

For industrial production, even after the problems of
nucleation, growth, interface reactions and interface
bonding are solved, the specifics of technical reactors
must also be well understood /3,7/. During CVD growth the
reactants must diffuse through different types of boundary
layers /53/. The growth kinetics are closely linked with
this boundary layer transport mechanism in conjunction
with the specific chemical reaction kinetics /53-55/.
Additional "CVD diamond" problems:
- The convection is strongly influenced by an atomic
hydrogen wind /56/.

- In hot-filament reactions the Sorret effect can become
unusually important /53/.

- The metastable nature of the atomic hydrogen complicates
reactor upscaling, etc.

6. CONCLUSION

Today, product development for diamond cutting
applications is already in a relatively advanced state,
since a perfect diamond crystal lattice and single
crystallinity are not primary requirements for their
proper functioning, Their technical feasibility has
already been demonstrated in different wear applications.
The rapid advancement in these "simpler" application
areas has already led to industrial products based on
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freestanding diamond.
However, the production of technically and economically
feasible products for superhard applications is still only
in its early stages. Some of the major problems remaining
to be solved are
- higher diamond growth rates
- better carbon and energy yield
- better adhesion between substrate and diamond coating
- upscaling for diamond deposition reactors for continuous
production of wear parts

- better tool lifetimes during wear operations
- perfection of in situ coatings
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THE MECFIANICAL PROPERTIES OF CVD DIAMOND
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ABSTRACT

The fracture toughnesF. of CVD diamond is measured by the
Vickers indentation method. Free-standing diamond films of
400 jim thickness are produced with plasma-enhanced chemical
vapor deposition, and highly polished for indentation testing.
Indentation testing was performed with a microhardness tester
using a load range of 500-800g. The average fracture toughness is
measured as 5.3 MPa4m.

INTRODUCTION

There is now considerable interest in the commercializing
diamond film technology produced by chemical vapor deposition (CVD).
Numerous applications have been identified which exploit the superior
material properties of diamond; such as, detector windows, heat sinks
and tooling. Despite the enormous potential of CVD diamond, the
mechanical properties are largely unknown. This study focuses on the
fracture toughness of CVD diamond using the indentation method to
measure Kc,
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EXPERIMENTAL PROCEDURES

A diamond film was grown using plasma-enhanced chemical
vapor deposition at 2.45 GHz. The necessary conditions for diamond
deposition were achieved at 1.5-2.0 KW and a total gas pressure of 80-90
Tonr. Reactant gasses, H2, C- 4 , and CO were premixed and metered with
flow controllers at flow rates of 250-200 sccm. The substrate was a two
Inch diameter, one quarter inch thick [1001 silicon wafer. To enhance
nucleation, the wafer was polished with diamond powder followed by
rinsing in isopropyl alcohol and deionized water to remove all diamond
powder from the surface. After deposition a free standing diamond film
was obtained by back etching the silicon.using HF:HNO 3:HAc in a 2:2:1
ratio.

The diamond film used in this investigation had a maximum thickness
of 400 trn unpolished with an approximate 50tm grain size. The grains
are (1001 form with [1111 perpendicular to the plane of the film. In
addition twinning is observed on (111) (Fig. 1). The film was
characterized by Raman spectroscopy (Jobin Yvon spectrometer) scanning
from 1200 to 1700 cm "1 to determine the presence of diamond,
nondiamond carbon and graphite. The Raman spectrum taken from the
top surface of the diamond film shows the characteristic diamond peak at
1331cm "1 (Fig. 2). The lack of broad peaks at 1355 and 1560 cm-1 indicates
a low concentration of sp 2 bonded nondiamond carbon and graphite.

After characterization, the free standing film was polished using a cast
iron scaife and 4-12 tm diamond grit. Surface roughness of the polished
film was obtained by contact profilometery using a 5 tm radius stylus
scanning 3 mm. The peak-to-valley surface roughness was found not to
exceed 400 A.

The hardness and fracture toughness of the polished film was measured
with a Zwick microhardness tester using a Vickers diamond indenter
under 500-800g (4.9-7.8N) load. As described in the next section, the
hardness is determined from the impression size, while fracture
toughness follows from the radial crack lengthl, 2. Measurements of the
impression size and crack lengths were made with optical microscope
under 1000x (dry lens) magnification. The sample was sputter coated
with a thin gold-palladium layer to enhance light reflection. The load
range was selected to allow measurable indentation features with optical
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microscopy while reducing the tendency for indenter failure.
Indentations at loads of 800g or higher caused failure with fewer than
five tests for a given Vickers indenter.

RESULTS AND DISCUSSION

Eleven Vickers indentations of the polished diamond surface were
made in the 500-800g load range (Fig. 3), producing a hardness
impression and radial crack lengths measurable in the optical microscope
(Fig. 4). The hardness, H, is related to the impression size, 2a, by1

H=0.47P/a 2  (1)

where P is the applied load. Hardness was measured in the range of 57.5
to 108 GPa, with the average H=80.6 GPa and standard deviation of 17.6
GPa. The size of the impressions, 2a, was 5 to 10tm which is smaller
than the average grain size. The wide variation in hardness is due to the
difficulty in measuring the impression size under low loads, and the
incidence of damage at the edge of impressions at high loads. Despite the
large variation in hardness, the mean value is within about 10% of the
90 GPa value measured in other studies.3,4 A narrower range of values of
hardness values is likely to occur with Vickers indentations at higher
loads (> 1 Kg), however indenter damage occurs with these loads after a
single test.

The fracture toughness, Kc, is determined from the Vickers
indentation by measuring the radial crack lengths emanating from
corners of the hardness impression. The crack length, c, hardness, and
Young's Modulus, E, is related to fracture toughness by2

KI = c(E / H) 312(P / C3/ 2) (2)

where 4 (=0.016) is a calibration constant determined in a previous study
of Indentation fracture 2. Fracture toughness values were determined
using equation (2) with the E=1000 GPa reported in the literature, 4 and
are summarized in Fig. 3. Kc varied from 3.5 to 7.4 MPaIm with an
average value of 5.3 MPam and a standard deviation of 1.3 MPaqm.

The average Kc= 5.3 MPa1m, is an upper bound value of the
fracture toughness, since the resolution of crack length in this study is
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limited by 1000x magnification. Higher resolution microscopy may
reveal longer crack lengths thereby reducing Kc for a given load. In
addition to optical microscopy, crack length measurements were also
attempted with scanning electron microscopy (SEM) using a relatively
low accelerating voltage of 5 KV to maximize the secondary electron
yield. However, the crack lengths measured by SEM were shorter than
those measured by optical microscopy. Additional work is needed to
further resolve crack length measurements. This is particularly
important for indentatfon experiments with low loads which is
necessary for reasonable penetrator life.

Cracks lengths in this study were a maximum 25gm which gives
the total crack length, 2c, on the order of the average grain size. Fracture
toughness in this case may represent a mixture of intergranular and
intragranular failure which requires microstructure analysis to quantify
the fracture path. Ideally, the method for measuring Kc that was used
here should use sufficient load to create radial cracks much longer than
the grain size. However the load necessary to create long indentation
cracks in polycrystalline diamond far exceeds the fracture strength of the
Vickers indenter. Further determination of fracture toughness may use
traditional methods such as double cantilever beam specimens with long
pre-cracks.

SUMMARY

The fracture toughness of CVD diamond was determined by the
indentation method as about 5.3 MPa4m. This represents the first report
of fracture toughness for PECVD diamond and should be considered an
upper bound value for Kc where indentation crack lengths are on the
order of the grain size. Additional work is needed to further resolve
crack lengths, particularly under low indentation loads. Fracture
toughness measurements should also be made with other methods
using long pre-crack lengths.
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Fig. 1 Scanning electron micrograph of the diamond film surface prior to
polishing.
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Fig. 4 Optical micrograph of Vickers indentation under 700g load.

332



ULTIMATE TENSILE STRENGTH OF
POLYCRYSTALLINE DIAMOND FILMS

. L Davidson, X. Cao

Vanderbilt University
P.O. Box 99-B

Nashville. IN 37235

Abstract

Diamond films grown by microwave plasma CVD, thicknesses
approximately 5 - 20 microns, were patterned Into tensile test specimens. Using
conventional tensile test techniques, the diamond was stressed in tension to
fracture and the load recorded. The cros sectional area at separation was
measured and the tensile strength observed to be nominally 1.5 (0 ) psi, best
case. Fracture characteristics were examined by SEM.

Introduction

Although the fact that diamond is hard" is a well-established point of fact, lay and
scientific, the actual 'conventional' mechanical properties such as the modulus of elasticity,
tensile strength and compressibility are much less quantified. Thi is especially true of the
interesting polycrystalline diamond films, PDF, resultant from the synthesis work with filament
and plasma growth techniques of the last decade. The potential mechanical applications for
diamond, which are numerous, suggest more property characterization would be useful.

The Young's modulus of PDF has been found to be 1.20(10') kg/cm 2 [I] as compared to
1.15(106') kg/cm for natural, single crystal, diamond. As regards tensile strength, experimentation
was performed, monitoring deflection as a function of pressure and the pressure to rupture PDF
membranes, resulting in estimates of tensile strength 12]. However, complications in the model
selection for membrane approach (e.g., should the PDF be treated as a membrane or a plate?) led
to wide variations in the estimates.

Ideally, a more conventional specimen of PDF could be fabricated for true ortagonally
loaded tensile stress testing. In this work, we attempted to "shape' such PDF tensile specimens
fabricated by HPMWCVD (high pressure microwave chemical vapor deposition) PDF processing.
PDF deposition was performed in an ASTEX (TM) HPMW DDS-6 system, Figure 1, this process
of achieving diamond films, most typically on silicon substrates, has been described elsewhere[l].
Raman spectra and visual inspection indicate films with very low p1 content. The surface
morphology of PDF typically obtained is shown in Figure 2 and a typical Raman spectra of these
films is shown in Figure 3.
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For PDF stripes, the diamond was deposited on silicon and the silicon was then etched
away in a conventional silicon etch solution which has no effect on the diamond. Analytical
techniques, e.g., SIMS, indicated all of the silicon was removed. For some specimens the silicon
substrate was shaped to result, directly from the deposition, in a stripe of diamond suitable for
tensile testing. Other diamond specimens were deposited as a film and a patterning process,
described elsewhere [3], used to achieve the desired specimen shape. Figure 4 is a photograph
of a free standing PDF tensile specimen.

Two forms of tensile specimens were pursued, stripes, as just describedand filaments.
Filaments were formed by depositing diamond on free standing sections of small (nominally 10-
25 p diameter) fibers of tungsten, molybdenum, graphite and aluminum oxide. See figures 5 and
6. The molybdenum core fibers were selected to attempt filament tensile testing.

Mechanical Testing

Free standing PDF structures are fragile and brittle, easily broken by macroscopic bending
loads. Large compressive grips are unsuitable for gripping the films or fibers in the tensile
machine. Employing an MTS model 5002 tensile test machine, specially designed connectors
and a specimen mounting technique using a supporting aperture card for pre-loading, successful
tensile tests were performed. Successful Is defined as pulling te tensile specimens apart and
achieving a clear separation at or near the middle (gauge length) of the specimen.

The plastic frame aperture card that was used in some instances enabled placement of the
tensile specimen in readiness for load. The ends of the specimen were "super glued" to the frame
which had holes centrally located into which universal hooks to connect to the load cell and base
of the tensile machine were attached. A typical arrangement Is shown in Figure 7, and typical
machine and load conditions are indicated.

PDF structures were loaded to fracture and the maximum load noted. A typical load:time
output is shown in Figure 8. The calibrated load cell signal as f(t) was processed through a PC
based data recording system for storage, plotting, etc. Due to unquantifiable "give" in the entire
arrangement, no attempt at accounting for strain in the PDF is made. The first, smaller peak in
the example represents a shifting in the hooks as the load began to build up.

By noting the maximum load sustained to failure and measuring the width and thickness
(area) of the cros section that fractured under that load, the tensile strength is estimated. It is
noted that only data where the PDF failed (separated) clear of the plastic frame "grips', i.e.,
preferably at or near the middle of the length of PDF stripe, was used in these estimates.
Slightly less than hallf of specimens tensile tested to date fractured in a "good data" zone.

Figure 9 is an SEM of the fracture surface of the cram section of PDF that failed at
maximum load. The fracture surface resembles that of other fractured PDF, characterized by
Hoff [4], although ading conditions in that work may be different in application and unknown
in magnitude.
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Figure 10 is a table summarizing the tensile test data. All data is from stripes. More
specimens are under evaluation. Processing deposition conditions for these samples were:
Substrate Temperature - 850C, hydrogen flow - 500 sen, methane flow - 5 scm, microwave
power - 1500 Watts. Samples nominally 8 - 10 microns thick were deposited for 20 hours.
Samples nominally 15 microns thick were deposited for 36 hours. It was presumed that
negligible plastic flow occurred (none was observed) during tensile load, and thus the area at
fracture cross section measured was taken as the area that carried the load at fEium.

No load data is available for poly diamond fibers. No successful handling technique is
yet achieved for "zero" or start conditions of the load testing on the size instrument and fixtures
used without fir breaking the fiber specimens by crma loading.

Discussion

Even the highest value observed for tensile strength, 166 ksi, is smaller than expected
based on the very high Young's modulus of diamond and based on the membrane rupture data
[2]. There are several possible explanations: (a) loading in these experiments is still not perfectly
axial and bending moments are present, (b) microcracks (notches/stres risers) exist at the edges
or surfaces of the specimens, or (c) intergranular fracture is occurring through material inferior
to pure diamond. Also, the small number of samples successfully tested thus far do not allow
statistical assessment.

We are continuing to refine the techniques and are exploring different PDF. As reported
by others (5,6] grain size and spsp1 of the polydiamond can be influenced by, e.g., deposition
temperature, H1 :CH, ratio, and the presence of oxygen during deposition. Using techniques
described in this paper, and their refinements, the tensile strength of diamond films will be
further examined with these parameters as variables.

Summary

Free standing polycrystalline diamond films have been subjected to tensile testing and the
load to pull them apart determined. An estimate for the tensile strength and the morphology of
the tensile fracture surface were presented.
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Figure 1. Diamond Deposition System

Figure 2. SEM of PDF Surface
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Figure 3. Raman Spectra of PDF
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Figure 4. Photograph of PDF Tensile Specimen
Length IS2. cm.

Figure S. PDF Coated Molybdenum Fiber
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Figure 6. PDF Coated Tungsten

Figure 7. Tensile Machine and Specimen Loading
croshead speed - 6mm4min.
SON Load Cell
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INDENTATION BEHAVIOR OF DIAMOND FILMS

ON CEMENTED CARBIDE

M. D. Drory and M. G. Peters

Crystallume
125 Constitution DriveMenlo Park, California 94025

ABSTRACT

Successful development of diamond coated tooling requires a
quantitative measurement of adhesion between diamond and
cemented carbide. The brale indentation method is explored
whereby a circular interface crack is created under applied load.
A model is presented which focuses on the plastic deformation
near the indenter that results in mode I loading of the film. In
particular, an Obreimoff-type analysis is used to relate interface
toughness to the plastic deformation near the indenter, film
thickness, Young's modulus, and applied load.

INTRODUCTION

There has been considerable effort focused in recent years towards
the development of CVD diamond as a hardcoating for tool inserts; an
application which takes advantage of some of the superior material
properties of diamond, namely, that is has the highest hardness and a
very low friction coefficient. Substrates for this purpose have been
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ceramics such as SiAlON, and tungsten carbide/cobalt cermets. The
latter is the traditional tool insert material and is preferred in some cases
over ceramic inserts because of its higher fracture toughness. However,
a critical issue remaining for diamond-coated WC/Co substrates is
maintaining adequate adhesion.2

An important ancillary issue for the development of diamond
coated tool inserts is adhesion testing, where a rapid and quantitative test
of adhesion allows feedback for deposition development without the use
of more costly and possibly time consuming machining tests. Several
quantitative adhesion tests have been proposed for this purpose
including: scratch, 3 scraping,4 indentation, 5,6 and four-point bending
tests. 7 However, one or all of these methods encounter a number of
difficulties as a simple and quantitative' test for adhesion that is
appropriate for diamond-coated tool inserts. For example, stylus wear
greatly affects the scratch test,8 ,9 and the four-point bending test is not
appropriate for the tool insert geometry., To avoid these difficulties, the
brale indentation test is of considerable interest because it is a simple and
rapid test which is easily transferred to the production environment.

The brale indentation test involves indenting a coated substrate
under a 15-150 Kg load using a Rockwell hardness tester. Under
sufficient load, a region of interface cracking and film buckling is readily
seen in the optical microscope (Fig. 1). A qualitative assessment of
adhesion is easily made by comparing interface crack diameters for a
given load,2 however, a quantitative measure of the interface toughness
is not yet available. This issue is addressed here by presenting a first
order analysis of the brale indentation test.

INDENTATION ANALYSIS

An estimate of the interface toughness, Gc, can be obtained from
the brale indentation test by considering the plastic deformation in the
WC/Co substrate near the indenter. Under load, uplift and lateral
displacement of substrate material occur adjacent to the indenter, and
result in mixed-mode loading of the diamond film. Although a detail
analysis should consider mode I and II contributions, a first order
prediction for Gc can be made by only considering mode I loading
induced by the uplift displacement, A (Fig. 2)., In this case, crack
extension takes place along the interface when the indentation load is
sufficient to increase the mode I loading to Gc.
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A simple fracture mechanics model for the process shown
schematically in Figure 2 follows from an Obreimoff analysis of the
uplift displacement of the diamond film.10 For a two-dimensional
(planar) geometry the strain energy release, G, is related to the variation
in strain energy, U, with crack length, a: 11

ldU

b a (1)

where b is the out-of-plane dimension (Fig. 3). The strain energy is easily
found for a diamond beam of length, a, under a force, p:12

U P2a3

6EI (2)

where E is the Young's modulus of the film, h is the film thickness, and
I (=bh3/12) is the section modulus. Similarly, the uplift displacement, A,
is given by:

Pa
3

3EI (3)

Combining equations (1) - (3), the normalized strain energy release rate is
found by as a function of the uplift displacement, film thickness and
crack length:

Eh 32k , kh) (4)

RESULTS AND DISCUSSION

The strain energy release rate is found by equation (4) to strongly
decrease with the inverse of crack length, and increase with uplift
displacement (Fig. 4). The sharp decrease in normalized G with
increasing crack length indicates that the brale indentation test should
provide a sensitive measure of interface toughness.
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The substrate material properties are not explicitly given in
equation 4, but are reflected in A. Thus, the uplift displacement is a
critical parameter for this analysis because it relates G to material
properties of the substrate and the indentation load. A is a complex
function of the indentation load, yield stress, and elastic properties and is
determined by surface profile measurements or finite element
computations.

The determination of A for WC/Co remains for future work,
however, interface toughness can be explored for a range of displacement
values (Fig. 4). Specifically, values of Gc can be determined with typical
value of Young's modulus 13 and film thickness for a deposited diamond
film (E=1050 GPa, h=1 Am). For example, a brale indentation test
providing a normalized dis-' icement of A/h=1 results in a 10 Am
interface crack radius with an interface toughness of I J/m2 (Fig. 4).

Further work is needed to refine t.e calculation by accounting for
the axisymmetric indentation geometry, residual film stress, and
buckling.

CONCLUSIONS

A first order analysis of the brale indentation test for film
adhesion is presented in which film decohesion is driven by uplift
displacement of the substrate., Trends in interface toughness are
predicted as a function of the substrate displacement, crack length, and
film thickness. Additional work is needed to refine the model for the
axisymmetric geometry, and provide values of the displacement, A.
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Fig. 1 Optical micrograph of a bralle indentation at 100 Kg load of
diamond deposited on WCICo.
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Fig. 2 Schematic of brale Indentation with uplift displacement
near the indenter.

T -Cac Length,. a -P

Fig. 3 Schematic of Obreimoff analysis of film decoheslon with uplift
displacement causing mode I loading.
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ADHESION BETWEEN CVD DIAMOND FILMS AND TUNGSTEN

N. Alam
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ABSTRACT

Adhesion between diamond films synthesized by
a CVD method and tungsten has been investigated by
pull testing method. Diamond films have been
deposited at temperatures from 1173 to 1323 K with
a growth rate ranging from 0.2 to 0.45 pm/hour.
The films are highly crystalline and are dominated
by (100) faces at low temperatures, changing to
(111) at higher temperatures. Grain size and
residual stress in the films increase with
increasing deposition temperature. X-ray
diffraction shows the expected diamond diffraction
peaks plus peaks ati;ributed to WC and W C. Raman
spectroscopy shows a sharp diamond band lor all of
the films, with a small broad peak attributed to
amorphous carbon. There is no distinct
correlation between diamond/amorphous carbon
intensity with deposition temperature. Sebastion
pull testing shows that the failure mode of the
films correlates with deposition temperature, but
specific adhesion strength values do not.

INTRODUCTION

Chemically vapor deposited poJ7crystalline diamond films
are potential candidates as wear resistant coatings on
cutting tools, bearings and other high wear surfaces. A
pro-requisite in this regard is good adhesion between the
diamond film and the substrate, because any protective
coating is useful only as long as it adheres to the
substrate. Despite its importance, the adhesion of
diamond films to various substrates has received only
limited interest in the past (1-5). An understanding of
the adhesion of diamond films to substrate materials and
how it can be improved is of considerable importance.
This paper deals with the measurement of adhesion of

348



CVD diamond films and its correlations with substrate
temperature, growth rate and film characteristics. such
correlations are necessary to arrive at some general guide-
lines for synthesizing good quality diamond films at high
growth rates and with good adhesion.

EXPERIMENTAL

Diamond films were deposited on a 22 mm diameter area on
25 x 25 x 1.6 mm polycrystalline tungsten substrates from
CH 4 -H, gas mixtures by a hot filament assisted CVD
technfque in a bell jar system, using tungsten ribbon
filaments (0.762 mm wide by 0.0762 m thick). The films
were prepared at 1173, 1223, 1273 and 1323 K. All other
deposition parameters were kept constant: filament
temperature = 2273 K, system pressure = 30 torr. gas flow
rate = 100 seom, CH4 content of the input gas = 0.5% by
volume, distance between the filament and the substrate = 5
mm. Prior to deposition the substrates were polished down
to S pm size alumina powder, ultrasonically cleaned with
methanol and seeded by scratching the tungsten with 43 pm
diamond powder. Typical film thickness ranged from 5 to
10 Pm.

The films were characterized with regard to morphology
by scanning electron microscopy (OEM), structure by Raman
spectroscopy, crystallinity and residual stress by x-ray
diffraction and adhesion by tensile pull testing. Raman
spectra were taken from a 2 mm by 0.1 mm area of the sample
using both the 514.5 nm and the 457.9 rm lines of_?n argon
ion laser with a monochromator resolution of 6 cm . The
tensile pull adhesion testing was performed with a Quad
Group Sebastion tester using 3.175 mm diameter studs. The
epoxy-bonded studs were cured at 423 K for I hour after
mounting on the samples.

RESULTS AND DISCUSSION

Growth Rate
The average growth rates in terms of film thickness per

unit time were measured from the knowledge of the weight
gained by the samples during the deposition period (22.25
hrs), diameter of the deposited film area (2.22 cm) and
assuming a film density equal to bulk diamond (3.52 gm/cc).
The dependence of film growth rate on temperature is shown
in Fig. 1. The growth rate reaches a maxima at about 1223
K. The apparent activation energy upto 1223 K is 9S
kJ/mole. The decline in the growth rate beyond this
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temperature may be attributed to the increased thermal
desorption of hydrogen and carbonic species at the growth
surface.

Morphology
Typical morphologies of diamond films synthesized at

different substrate temperatures are shown in Fig. 2. At
1173 K the film is dominated by (100) surfaces and the
crystallites are rather small. At 1223 K, the
predominant morphology is still cubic, however the
individual grains are relatively larger. At 1273 K, (111)
surfaces begin to appear. At 1323 K the film is dominated
by octahedral faces. Cubo-octahedra can also be seen.

Structure
X-ray diffraction measurements indicated the presence of

all three diamond peaks, (111), (220) and (311) in the 20
range scanned. An internal standard was used to measure
the precise peak positions. No shift in the positions of
the peaks was observed. Signals from non-diamond carbon
phases were not observed. X-ray diffraction however, did
indicate the presence of WC and W2C.

Raman spectra of the diamond films are presented in
Fig. 3. The peak intensities are normalized with respect
to the broad ban4. All samples show a good sharp diamond
band at 1333 cm -. For all of the samples, this band is
broader and shifted to higher wavenumber, relative to a gem
quality netural diamond standard. The broadening is most
likely a result of non-uniform strain in the deposited
diamond films. The shift in the peak is probably due to a
shortening of the bond length, relative to the diamond
standard, as a result of com ressive stresses in the film.
The broad band near 1550 cm- represents an amorphous type
carbon. These effects are in agreement with the x-ray
diffraction results presented below. The ratio of the
intensity of the diamond band relative to the amorphous
carbon band varies with the sample and substrate tempera-
ture and is summarized in Table 1 for two sets of samples.
It can be seen that there is a large difference from sample
to sample that overshadows the differences as a function of
temperature. This difference between repeat samples is
largest at each of the temperature extremes; much closer
values are obtained for the intermediate temperatures.

Residual Stress
Diamond films produced by the CVD process on any

substrate are under strain due to a variety of reasons.
The strain is either uniform or non-uniform. In terms of
x-ray diffraction patterns, each type of strain has a
distinct affect. Uniform strain causes a shift in peak
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Table. 1 Ratio of the intensity in the Raman diamond band
relative to the intensity in the amorphous carbon band as a
function of deposition temperature# using the 457.9 nm
laser line. Values are reported for two different set of
samples.

BAaR10e Temperature InL Diamond/Amornhous Q
1 1173 13.5
2 1173 5.1
3 1223 3.6
4 1223 4.3
5 1273 8.2
6 1273 5.8
7 1323 18.4
8 1323 2.2

positions. Since no shift was observed, the strain in the
films is not uniform. Non-uniform strain leads to peak
broadening. Broadening is also caused by fine particles
in the film (<0.1 um) and the instrument itself. In all
films, particles are larger than 0.1 um. So measured
peak widths have no contribution from particle size
effect. Instrument assisted broadening was assumed
negligible. Therefore, measured peak widths (full width at
half maximum) are attributed to non-uniform strain alone.
Non-uniform strain was calculated from peak width and peak
position data utilizing standard procedure (6). Since the
films had different thicknesses, the measured strain values
were normalized with respect to thickness. The data is
presented in Fig. 4 as a function of substrate temperature.
The strain in the films increases with substrate
temperature. The higher thermal expansion of tungsten
relative to diamond causes the films to be in compression
once the samples are cooled down to room temperature.

Adhesion
Scratch adhesion testing was used at first to measure

adhesion. The tests produced clear acoustic emission of
the failure of the diamond film. However, reproducible
and quantifiable critical normal loads could not be
obtained because of extensive damage to the Rockwell C
diamond stylus. The previous successful results for
diamond on silicon (4) were obtained with thin diamond
films (2.5 pm) consisting of a very small grain size (<
100 nm). The present films are much thicker and have a
much larger grain size, with sharp faceted features.
Therefore an alternative Sebastion pull testing technique
was used to test the adhesion of the diamond film. This
testing showed three distinct failure modes of the film.
The first failure mode resulted in a clean pull of the film
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from the opoxied-stud surface area, leaving a circular area
of the substrate free of the diamond film. This type of
failure mode was observed most often for the films
deposited at the lower temperatures. As the temperature
was increased, the amount of film pulled free of the sample
decreased, leaving substrate areas which had only partial
removal of the film. At the highest temperatures, a second
failure mode was typically observed, which resulted in only
very small spots of the film being removed. This range of
film removal is illustrated in the photographs in Fig. 5.
In Figure 5(a), the circular dark area in the center shows
where the diamond film has been completely removed from the
substrate. The light regions surrounding the center zone
show areas where the diamond film has delaminated from the
substrate, but has not been removed. The other panels of
Figure 5 show the decreasing areas of film removal as the
deposition temperature is increased. In Figure 5(d), it
can be soon that only very small, limited portions of the
film have been removed from the substrate. A small number
of the samples exhibited a third failure mode which result-
ed in total delamination of almost the whole diamond-film
coated area from a single adhesion pull test. The samples
exhibiting this total delamination did not share a common
deposition temperature, film thickness or diamond/amorphous
carbon Raman intensity, suggesting that poor surface prepa-
ration may be the problem with the few stmples. The
measured film adhesion ranges from 1.8 x 10 Pa to > 7.0 x
10 Pa and does not appear to correlate with deposition
temperature, film thickness (growth rate), or the
diamond/amorphous carbon Raman intensity. In fact, the
variation in the adhesion values from one location to
another on a single sample far outweighs the differences
observed from sample to sample. This adhesion data is
summarized in Table 2.

Table 2. Adhesion testing values as a function of
deposition temperature. Values are reported for two
different sets of samples. The multiple adhesion values
listed for each row of the table result from multiple pull
tests on the same sample, in the order that the repetitive
tests were performed.

sample Temperature JI Adhesion Values _M K 10-5
1 1173 delaminated
2 1173 31.0 454.4 46.9
3 1223 111.7 347.5
4 1223 17.9 695.0 58.6
5 1273 466.8 126.2 704.6
6 1273 83.4 552.3
7 1323 638.4 670.2 314.4 459.2
a 1323 619.8 705.3
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SUMMARY

Temperature dependence of film growth rate exhibit
parabolic behavior with a maxima at 1223 K. The films are
dominated by (100) surfaces at low temperatures and change
to (111) surfaces as the temperature increases. The ratio
of the diamond to amorphous carbon intensities as measured
by Raman spectroscopy do not appear to be a strong function
of the deposition temperature. The residual stress in
diamond films increases as the deposition temperature
increases. Sebastion adhesion testing shows that the
failure mode of the films varies with deposition
temperature. The amount of film removal over the surface
area of the stud decreases with increasing temperature.
No strong correlations of adhesion strength with deposition
temperature, film thickness, residual stress, or
diamond/amorphous carbon intensity have boon observed.
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EXCIMER LASER ETCHING AND POLISHING OF DIAMOND FILMS

A. Blatter and U. B6gli.
L.L. Bouilov, N.I. Chapliev, V.I. Konov, S.M. Pimenov, A.A. Smolin, I.V. Spitsyn.

Institute of Applied Physics, Sidlerstr. 5, CH-3012 Berne, Switzerland.
General Physics Institute and Institute of Physical Chemistry, USSR Academy

of Sciences, Moscow, USSR.

Diamond films of various microstructures were prepared on W
substrates by arc-discharge plasma CVD at different tempera-
tures. The films were irradiated with KrF excimer laser pulses of llu-
ences 1 - 9 J/cm 2. The irradiation-induced surface modification and
etching of the films were studied. Etch rates between 10 and 300
nm/pulse were measured. During etching the surface roughness
was observed to d;minish by an order of magnitude. However, both
the etching and polishing properties of the films depended on their
growth conditions. The results indicate that etching is correlated
with the purity of the films while polishing is limited by the grain size
and growth morphology. In the case of pronounced columnar
microstructures there was a particular distinctive polishing process.
Smoothening and roughening processes were observed to occur
simultaneously.

The benefits of using polycrystalline diamond films (DF) for applications in
microelectronics and optics, as hard coatings, si.bstrates and other purposes
are apparent. For the realization of such applications it is necessary to develop
methods for machining of the DF surfaces. The UV radiation of excimer lasers
has been demonstrated to be an effective means for the micro-chemical dry
etching of natural diamond (1) and DF (2). Etch rates as high as 300 nm/pulse
with pulse repetition rates up to 40 Hz were reported. This must be compared
with the 200 nm/min achieved with alternative ion etching (3). Furthermore, the
laser induced etching was found to diminish simultaneously the surface rough-
ness. Excimer lasers have therefore been considered as a valuable tool for the
polishing of DF (2). In this paper we study processes and effects :nduced by
KrF laser irradiation of diamond flms. Films were prepared unuar different
deposition conditions resulting in a variety of mirrostructures. We begin with the
microstructural characterization of the DF. We then present results of laser In-
duced etching and polishing, and discuss the dependence of these P,,ocesses
an the microstructures.
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Polycrystalline diamond films of thickness 20 - 30 jim were grown from a
methane hydrogen mixture on W substrates by use of the dc discharge plasma
CVD-technique. The deposition temperature was varied by heating the sub-
strates to 900, 1050, 1150, and 1200 oc. All other deposition parameters were
kept constant. The methane concentration was 3% and the deposition gas
pressure 100 Torr.

The deposited DF were irradiated in air with 15 ns pulses from a KrF
excimer laser (X = 248 nm). The laser radiation was apertured and slightly fo-
cused onto the DF surface to form uniform spots of size (60 x 120) pim 2. Each
spot was irradiated w'th 1 to 1000 pulses at fluences ranging from 1 to 9 J/cm2 .
The repetition rate was kept sufficiently low (1-10 Hz) in order to exclude any
thermal interference of subsequent pulses. The photon energy of KrF (5 eV) is
slightly lower than the band gap of diamond (5.4 eV). Absorption is therefore via
non-diamond impurities and at high fluence via nonlinear effects.

The DF were analyzed before and after laser irradiation using scanning
electron microscopy (SEM) and thin film x-ray diffractometry (Cu Ka). Micro-
probe Raman spectra were taken in the range from 1200 to 1700 cm-1 with an
accuracy of 1 cm- 1. Excitation was by means of the 488 nm line of an argon ion
laser. The probe spot size was 2 jim. The low power of about 2 mW at the sam-
ple surface ruled out any laser effects on the films. Surface profiles were
recorded using a stylus profilometer with a diamond tip of radius 1 Aim.

The SEM analysis showed that DF grown below 1200 c consisted of par-
tially twinned particles. The paticle sizes were between 5 jim (deposition at

900 c) and 10 Am (1050 oc). Planar octahedral and cube faces were visible.
The DF deposited at 1200 oc showed plate-like particles of widely varying
sizes (0.5 - 10 jim) implying a dominant (100) morphology. Cross sections re-
vealed a columnar growth type. The speckled contrast of the flat faces (which
was also faintly visible at 900 oC) marLd the presence of graphitic impurities.
We conclude that the best quality DF with the largest and most perfect grains
resulted near 1050 oc while the least quality was achieved at 1200 c.

The x-ray diffraction pattern of a film grown at 1050 00 is shown in Fig. 1. It
is dominated by the diamond peaks. The peaks due to the W substrate are also
visible. All other peaks can be attributed to (WC)2H and (W2 C)120. It substanti-
ates the formation of an interfacial car..,de layer in the beginning of the deposi-
tion process. The positions of the diamond peaks, though slightly shifted with
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respect to those of diamond powder, did not obviously depend on deposition
temperature. The relative intensities, however, did depend on the growth condi-
tions, revealing a change in growth morphology. The line intensities of DF
grown at 900 oc were similar to the standard pattern of diamond powder. Only
the (220) line, being somewhat too intense, reflected a slight deviation from
random crystal orientations. The (111) line increased with deposition tempera-
ture indicating that the growth tendency changed from (110) to (111) morphol-
ogy. The DF grown at 1200 oc displayed an exceptionally strong (400) line,
implying a marked (100) morphology. In comparison with the pattern shown in
Fig. 1, some DF grown at 1200 oC exhibited a weak and broad additional
diffraction line identified as the 100% line of graphite structures. The presence
of a substantial fraction of non-diamond carbon phases in such films was also
evidenced by Raman spectroscopy.

In Fig. 2 are presented the Raman spectra of DF grown at 1050 oc (a) and
1200 oc (b). Both spectra display the diamond line (at 1327.4 and 1324.5 cm-1,
respectively) superimposed on a rising background.The background is due to
photoluminescence arising from lattice defects and impurities. It was approxi-
mated by a quaJratic polynomial, allowing better discrimination of the other
components of the Raman spectra. Broad bands centered at 1350 and
1570 cm-1 (b) reveal the presence of microcrystalline graphite and forms of dis-
ordered carbon in DF grown at 1200 oc - in agreement with the x-ray data.
Films grown at lower temperatures, on the other hand, showed only a faint
band around 1580 cm-1.

The shifts of the diamond lines to lower wavenumbers with reference to the
1332 cm-1 standard line position can be attributed to tensile stresses in the DF
of the order of 2 GPa (4). In contrast, a precise analysis of the x-ray patterns
revealed that the diamond lattice constants were smaller than that of natural
diamond by 0.075 - 0.2 %. Using the elastic moduli of diamond such contrac-
tions imply compressive stresses of the order 1 - 2 GPa. These opposing re-
suits can be reconciled if it is assumed that the bulk of the DF (seen by x-rays)
is under compressive thermal stress while the surfae (examined by Raman
spectroscopy) is under tensile growth stress. It was recently shown that DF may
in fact grow under tensile stress (5). During cooling after growth a thermal strain
is generated due to the misfit of the thermal expansion coefficients. The expan-
sion coefficient of diamond (3.10-6) is lower than those of 'V and WC (both
about 4.9.10-6) causing a compressive stress of the order of 2 GPa when
cooled by 1000 oc. While the thermal stresses mainly develop in the interface
region and the bulk, it is likely that the tensile growth stresses survive at the
surface.
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The Raman spectrum shown in Fig. 2(c) is from the same DF as that of Fig.
2(a) after irradiation with 200 pulses of 7 J/cm2. The characteristic diamond
line has disappeared. Instead there are the two broad bands centered at 1360
and 1570 ur-. These show that the irradiated surface is covered by a
microcrystalline graphite layer. When heated in air this layer sublimes. The re-
sults are strong evidence in favor of the two-stage process recently proposed
for laser etching (1). The laser irradiation first induces a diamond to graphite
conversion in a depth of the order 100 - 200 nrn. Once formed, the graphite
layer strongly absorbs the incident radiation, heats up and sublimes.

For the determination of etch rates the DF were irradiated with different
numbers of laser pulses at various fluences. The etched depths were deter-
mined with the profilometer. At constant laser fluence they were found to in-
crease linearly with the number of laser pulses. The etch depth divided by the
number of laser pulses was taken to represent the etch rate. In fact the etched
depths varied slightly across the irradiated area because the laser beam shape
was not perfectly uniform. However, etch rates were identical whether deter-
mined by taking the maximum depth or an average depth inferred from the re-
moved volume. The etch rates as a function of laser fluence for the various
films are presented in Fig. 3. At higher fluences, linear fits serve as a guide to
the eyes. It is seen that the etch rates at constant fluence are lowest for DF
grown at 1050 and 1150 oc. The extrapolation of the curves to zero etch rato
gives an estimate for the threshold fluences of etching. Though the curves do
not extend linearly into the low fluence regime - rather, they are the sum of
Arrhenius-type functions - a rough estimate of the thresholds leaves no doubt
about their variation with deposition temperature. The threshold is lowest
(below 1.2 J/cm 2) for DF grown at the highest temperature. For films grown at
900 oc, graphite formation but no etching occurred at 1.4 J/cm 2. The related
threshold therefore is between 1.4 and 1.8 J/cm2. The lower bounds for the DF
grown at 1050 and 1150 oc are 1.8 and 2.3 J/cm 2 respectively. In summary,
the higher quality DF have higher thresholds and lower etch rates. In line with
this, type IIA monocrystalline diamond exhibits even higher thresholds and
lower etch rates (1).

The results suggest that the laser induced etch:ng is limited by the purity of
the DF. On the basis of the two-stage model for etching it is conceivable in-
deed that the non-diamond material contained in the DF governs the etching
behavior. Absorption is similar for all DF as well as the diamond due to the sur-
face graphite layer. The diffusion of the generated heat, on the other hand, is
limited by the thermal conductivity of the sub-surface material. The thermal
conductivity of microcrystalline and disordered carbon phases is significantly
lower than that of diamond. It therefore is highest for the single-crystal dia-
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mond, and it is higher for purer DF obtained at 1050 and 1150 oc than for
those grown at 900 and 1200 oc. A higher conductivity means a lower rise of
surface temperature at a constant fluence. This explains the variation of the
thresholds for etching as a higher fluence is required to heat the graphite sur-
face to its sublimation temperature. It also implies that the duration and hence
the rate of sublimation is lower as the heat is extracted more rapidly from the
graphite layer.

Surface profiles of a film grown at 900 oc are shown in Fig. 4. The upper
trace is from the non-irradiated surface. The lower trace is taken across an irra-
diated spot. A significant flattening of the irradiated surface is evident. In the
SEM the irradiated surface appeared homogeneous and smooth. The origin of
the smoothing process is not yet clear. Possible mechanisms resulting in
polishing during laser-induced solid state evaporation are discussed in Ref. 6.

We quantify the roughness in terms of the roughness parameter Ra. For
the determination of Ra we limited the bandwidth of the surface profile data by
means of Fourier methods. Spatial periods larger than 50 lam were discarded.
This left the profiles of the virgin surface unchanged while some waviness of
the irradiated surface due to the non-uniformity of the laser beam was largely
removed. For the virgin surfaces Ra parameters in the range of 0.5 - 0.65 Rm

(deposition at 900 oC), 0.9 - 1.05 gm (1050 oc), 0.65 - 0.8 lm (1150 OC), and
0.5 - 1 gm (1200 oc) were deduced. The values simply correlate with the grain
sizes and their distribution. The true roughness of the non-irradiated surfaces
is slightly underestimated because there are narrow cracks between the grains
which are not fully resolved by the profilometer.

An inverse relationship between the Ra parameter and the etched depth,
which is given by the product of fluence and number of pulses, was found for all
but the DF grown at 1200 oc. The Ra parameter decreased at a steadily lower
rate with increasing etch depth At an etch depth of the order of 10 prn the
polishing process virtually terminated. The Ra parameter changed only
marginally with further etching. It suggests that a minimum depth of the order of
the particle size must be etched to achieve the smoothest surface. Ra values of

0.1 - 0.12 rn (deposition at 900 oc), 0.14 - 0.2 gm (1050 oc), and 0.13 -
0.17 gm (1150 oc) were typically obtained. The parameters achieved seem to
correlate with the original roughness, i.e. with the grain size. However, further
investigations with a greater variability of grain sizes are required to clarify and
quantify this point.
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The polishing behavior of DF grown at 1200 oC was entirely different.
Rather than progressive polishing of the film with irradiation, an intermittent
smoothening and roughening process was observed. The roughness parameter
oscillated between 0.15 and 0.3 .m. This behavior is likely to be related to the
particular growth morphology. In DF of columnar (100) morphology the inter-
columnar spacing is filled with non-diamond material (7). This material is prefer-
entially etched. Because of the preferential etching there is no uniform lateral
poli-;hing. Because there are several rows of columns there is also no uniform
polishing through the film. This irregular polishing leads to the oscillatory
smoothening/roughening procedure.

In conclusion we have found that KrF excimer laser induced dry etching
and polishing of polycrystalline diamond films is dependent on their microstruc-
tures which are related to the conditions of deposition. Etching was observed in
all films investigated. The process involves a diamond to graphite phase trans-
formation followed by sublimation. Etch rates increase with laser fluence. Both
the rate and threshold of etching are related with the purity of the diamond
films. The purer the films the higher the thresholds and the lower the rates. Du -
ing etching down to a depth of the order of a particle size the surface rough-
ness decreased progressively by an order of magnitude. The final smoothness
achieved seems to depend on the original grain size. An oscillatory behavior
rather than continued polishing was found, however, in case of a pronounced
(100) columnar growth morphology. This may be rationalized by the spatially
inhomogeneous chemical and physical properties pertinent to such a
microstructure.
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SEM TRIBQMETRY OF FLUORINATED CVD DIAMOND COATINGS
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ABSTRACT
Polycrystalline CVD diamond films were fluorinated by direct fluorination
and plasma techniques. SEM tribometry and surface chemical analysis were
performed to characterize the thin fluorine-absorbate layers generated on the
diamond films by (a) high temperature and UV-assisted F2 gas and (b)
CF4/Ar plasma treatments. Direct fluorination achieved only partial
coverage and did not result in significant chemical reaction between fluorine
and carbon. No polytetrafluoroethylene (PTFE)-like [-(CF2)-]n bonds
could be found on the surfaces. The SEM tribometer test data indicated that
direct fluorination did not significantly improve the tribological behavior of
diamond; plasma fluorination was somewhat more promising. The more
pronounced tribological enhancement, in terms of reduced friction, resulted
from mechanically polishing the rubbing surfaces prior to testing and further
run-in of the mating surfaces during testing.

INTRODUCTION
Chemically vapor deposited (CVD) polycrystalline diamond films are excellent

candidates for use in harsh tribological environments due to their reported hardness, low
wear rate, high thermal conductivity and inert chemical nature. Furthermore, the potential
applications have increased dramatically due to their reported superior or even "Teflon-
like" frictional behavior (1, 2). Contrary to these reports, in extreme environments where
CVD diamond is considered most promising, the frictional behavior may be far from
ideal. In high temperature vacuum tests, the coefficient of friction (COF) of CVD
diamond pairs was as high as 0.8 (3). These data suggest that surface modifications are
necessary to enhance the tribological behavior before diamond can be used successfully in
many harsh environments.

Our previous SEM tribometer data indicate that the adhesion, friction and to some
extent, wear of diamond at high temperatures is controlled by the surface chemistry of the
exposed crystallites (3). Desorption of surface species upon heating in vacuum under the
electron beam create dangling bonds on the surfaces. Mechanically, dangling bonds are
also generated when the respective materials are sheared tangentially under load. If these
bonds did not reconstruct or were not satisfied (capped) by hydrogen or other benign
adsorbates, then they interact with the sliding counterface to generate high (COF- 0.8)
friction forces. Enhanced .sorption of such adsorbates (e.g., on cooling the tribosystem
in the relatively hydrogen-rich atmosphere of the turbomolecular-pumped SEM
tribometer) annihilates unreconstructed dangling bonds, lowering the friction (COF-
0.1). The friction trends also indicate that at high temperatures, in vacuum, the friction
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may also become reduced by graphitization and by bond reconstruction on the sliding
surfaces.

In light of the large effect of surface chemistry on the tribological behavior of
CVD diamond, the objective of this work was to investigate surface modification
techniques, namely polishing and fluorination, which would enhance the inert and
tribochemically stable nature of the CVD diamond film surface in a wide range of
environments. The effectiveness of fluorination in enhancing tribological behavior was
evaluated by the following techniques:

1) X-ray photoelectron spectroscopic (XPS) analysis of certain samples to
determine the degree of [-(CF2)-]n bonding (if any) found on the surface; and

2) pin-on-flat SEM tribometry to measure the friction values of the fluorinated
diamond vs. diamond test combinations.

SAMPLE PREPARATION

Direct current (DC)-CVD diamond, -1.5 pm thick with primarily (I 1) texture, was
deposited on polished triboflats of bare, polycrystalline a-SiC, single crystal silicon
(100) and single crystal sapphire. The sapphire was coated with a 100 pm Ti primer
layer to promote adhesion prior to diamond deposition. The second side of each a-SiC
flat was coated with an -10 pm thick microwave (MW)-CVD diamond film of similar
texture. This thick film was polished in air (by mechanical means, with diamond paste)
to a --0.15 im RMS surface finish. The hemispherically tipped polycrystalline a-SiC
tribopin (2 mm dia., 10 mm long) counterfaces were also coated with either an -1.5 pm
DC- or -10 lim MW-CVD diamond, with no polishing treatment. After the diamond
deposition and mechanical polishing (where applicable) was completed, the samples were
fluorinated by one of the following techniques:

" direct, high temperature fluorination in F2 gas; 3400 to 5301C, 4 to 8 hours.

" UV-assisted fluoination, with 10 percent F2 in He; 2 hours.
* plasma fluorination in 5 to 10 percent CF4 in Ar plasma, I to 3 hours.

The harmful effects of fluorination are shown in Figure 1. The diamond layers
extensively delaminated from the majority of the triboflats, indicating considerable
substrate/diamond interface attack by fluorine through the microcracks and pinholes in the
films. Most of the tribopin tip diamond coatings themselves suffered from microcracking
during the treatment, although gross and catastrophic delamination was not observed.
Some of the pins were still usable, microcracks notwithstanding. A description of the
fluorination parameters and sample combinations is given in Table 1.

The SEM photomicrographs of the cracked but not delaminated diamond on the
tip of the C-SiC pin indicated that the fluorination process may have indeed weakened the
interface, via the cracks. The best explanation for diamond film delamination from the
various substrates is based on fluorine attack of the DLC-like interfacial layer through
cracks and pinholes in the film and not the underlying substrate since both atomic and
molecular fluorine etches sp2-bonded carbon components in diamond (4).
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X-ray Photoelectron Snectrosconic (XPS) Analyss

Prior to the tribotests, XPS analysis of one fluorinated diamond-coated a-SiC
t-iboflat was performed on Sample B described in Table 1. For comparison, both the
polished (Side 1) and unpolished (Side 2) surfaces were analyzed. We looked for the
characteristic C and F binding energy shifts, which might indicate PTFE-like [-(CF2)n'I
bonding between the diamond substrate and fluorine. Note that the binding energy of
carbon (Cis) in this structure would be jiqst below 292 eV; the equivalent energy of
fluorine (FIs) is close to 689 eV.

The XPS survey of the unpolished Side 1 (Figure 2) showed a fluorine (Fls)
binding energy of 687, below the characteristic 689 eV binding energy of the [-(CF2)n'I
structure. The meager 8.9 percent F concentration on the surface dropped to 3.82 percent
after a 15 second Ar ion etch, indicating ready desorption. There was some minimal shift
of the binding energy peaks of the carbon peak (Cls) to higher eV values after argon
etching, possibly due to some additional C-F bonding induced by the ion-etching process
itself.

One very significant observation was that XPS verified the presence of both
oxygen and fluorine on the polished and unpolished fluorinated diamond surfaces. In
other XPS work, it was seen that the relative amount of oxygen decreases linearly with
the increase in fluorine (5). This suggests that hydrogen directly bonded to carbon may
not be as prominent on the diamond surface as previously believed, since fluorine should
preferentially attack hydrogen, relative to oxygen, to evolve very stable HF. In that case,
there would be no observable decrease of oxygen as the fluorine content increased. Also,
there was no reported C-H stretching frequencies around 2900 cm- I in any of the IR
spectra, unless the diamond was treated with H2 in some fashion. The data suggest that
oxygen and hydroxyl groups are the most predominant species on an untreated diamond
surface. Peebles and Pope have confirmed the observation that hydrogen is not as
prevalent there as originally believed (6). They reported that the bulk hydrogen content of
these films is as low as 1 to 3 atomic percent, with near surface values typically only 1
atomic percent higher than the bulk. These finding are extremely significant, especially in
view of the high starting friction of CVD diamond films in air, at room temperature. It is
suspected that the oxidized diamond surface attracts moisture to a certain extent by
hydrogen bonding and the surface is different from the bulk.

The XPS results on the polished side of the same triboflat confirm the substantive
lack of reaction between C and F (Table 2, Figure 2b). However, there are some
significant differences caused apparently by the polishing of diamond prior to
fluorination:

1. Fluorine was present in greater concentration on the polished side (11.87
percent) .ompared to the unpolished side (8.9 percent), as shown in Table 2.

2. The oxygen content of the surface was also far greater (20.01 percent) than
that of the unpolished surface (6.94 percent). One may attribute the larger F
and 0 content of the surface to activation by polishing.
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3. The cast iron polishing plate transferred some Fe to the diamond which must
have penetrated the microcracks indicated by the increase in Fe content on Ar
etching.

Fluorine's unwillingness to react with the diamond surface has been recently
substantiated by Freedman and Stinespring's research (7). They fluorinated diamond
(100) substrates with atomic (F) and molecular (172) fluorine in ultrahigh vacuum and
found that (a) atomic fluorine reacts with an initial accommodation coefficient of 0.25 ±
0.1 at 300K, resulting in a saturation coverage of -3/4 of a monolayer stable to 700K
without desorption, and (b) molecular fluorine reacts even slower, with a saturation
coverage of less than 1/5 monolayer, even at the exposure temperatures as high as 700K.
In addition to fluorine's unwillingness to form [-(CF2)n'], it was shown by Hauge, et al
(5), that the bond strength of fluorine to carbon was only incrementally higher than that of
hydrogen during thern0al desorption studies.

The tribological behavior of the fluorinated diamond films was evaluated using an
oscillating pin-on-flat tester. The test apparatus, a specially designed Knudsen-cell-type
tribometer built into a SEM, is described elsewhere (3). The data are recorded and stored
by VCR and a computerized data acquisition system. The procedure was similar to that
previously utilized for testing as-deposited diamond films (3, 8). The SEM tribometer
tests were performed with the following test parameters: a 50 g. normal load (0.49 N)
and a 4.66 amms-1 oscillatory speed with an up-and-down temperature ramp (850*C
maximum). The tests were performed in 1.33 X 10-3 Pa (10-5 torr) vacuum. When the
samples did not delaminate rapidly, the tests were repeated in a partial pressure air (Pair)
atmosphere of 13.3 Pa (0.1 tor).

The coefficient of friction traces, in vacuum and Pair, of the fluorinated-polished
diamond (Sample B, Side 2) are shown in Figure 3. Similar to that of the as-deposited
surfaces shown in Figure 4, the COF of fluorinated diamond also increases on heating in
both vacuum and in Pair. However, due to the high shear stresses resulting from the
increasing COF as the temperature increased, the film delaminated from the substrate (-
900 cycles). Once delamination occurred, this combination became diamond versus a-
SiC. The rapid increase in the COF during heating is presumably due to the progressive
desorption of fluorine (and other residual adsorbates) and the simultaneous generation of
dangling bonds, similar to what happens hydrogen desorption from the as-deposited
surfaces. Spin-pairing of increasing numbers of unreconstructed dangling bonds on the
respective contact surfaces results in higher adhesive friction forces (3).

Generally, in Pair, the fluorine-desorbed polished diamond exhibits higher friction
than the unpolished, as-deposited sample. One exception, however, was the behavior of
the polished-fluorinated sample at room temperature. Interestingly, the equilibrium COF
at room temperature was lower (substantially below 0.1) and less variable th.,n the
unpolished, as-deposited films. We believe that the initially lower COF is nainly
attributed to the worn-in nature (i.e., progressively smoother surface) of the as-grown
diamond on the reused a-SiC pin during the second (Pair) test, sliding on a new wear
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track of the same polished diamond flat. Because the tribopin surface was worn-in prior
to the start of the second test, the contribution of Coulomb friction, caused uy the
climbing of the asperities on one surface over those on the counterface, was lower. This
resulted in an overall decrease in the initial COF. This means that the COF is heavily
affocted by significant roughness and morphology differences between polycrystalline,
CVD diamond films, resulting from different deposition techniques. For example, recent
tribometry revealed (9) that rough diamond surfaces produced COF values up to an order
of magnitude greater than smooth ones, when sliding against various solids, in air.

The COF results of unpolished-fluorinated diamond on Si (100) flat (Sample A)
are shown in Figure 5 a, b and c. Similar to the as-deposited samples tested in vacuum,
the room temperature equilibrium COF stabilized around 0.1., However, even at this low
friction, the diamond film delaminated rapidly in the first and second test runs, as
indicated by SEM observation. In the first test run, delamination occurred near 300
cycles, indicating that the smooth Si substrate exhibited lower friction than the rougher,
diamond surface. During the second test run, the diamond began to peel around the
300th cycle also, followed by a COF increase characteristic to dehydrogenated (i.e.,
dangling bond-containing) diamond or silicon.

As compared to the high temperature UV assisted fluorinated sample B (Figure
3), the relatively greater tenacity of the CF4/Ar plasma-generated, fluorine-containing film
(Figure 6) is apparent in both runs 2 and 3 on the Si(100) flat. In test run 2, the COF
does not substantially increase until 400 OC when the film begins to delaminate at - 300 to
400 cycles. This is compared to the immediate increase in COF upon heating for sample
B which was fluorinated with a UV assisted process. The high tenacity of the fluorinated
top layer was even more remarkable in the third test run. Here, the test combination was
preheated prior to the onset of sliding (Figure 5c) to mitigate thermal ramp induced
delamination and improve in-situ SEM imaging. At high temperatures, the COF remained
low (COF s 0.13), even though the temperature of the flat ranged from 600 oC to 850 °C
to 600 OC during sliding. The diamond film did not delaminate until it was cooled down
near 100 oC, as indicated by the drastic increase in COF at -1560 cycles. No Pair test
w-s performed on this flat.

CONCLUSIONS
Direct fluorination from the gas phase was unsuccessful in lowering the

coefficient of friction or lengthening the wear life of polycrystalline CVD diamond films
deposited on various substrates. Film adhesion was severely reduced by attack of the
substrate-diamond interface by the fluorine gas, through the pinholes and cracks in the
layers. Furthermore, XPS indicated a lack of substantive reaction between C and F on
the sliding surfaces. The CF4/Ar plasma-treated diamond may 'xhibit better resistance to
desorption and rubbing then the UV-assisted treatment. A more pronounced effect is
associated with that of polished versus unpolished rubbing surfaces. Polished diamond
may thus serve better than the unpolished counterpart, at least at room-to-moderate
temperatures, provided fluorine-containing (or hydrogen-hydrocarbon) species are
continuousiy replenished on the sliding interfaces.
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Figure 1. The appearance of fluorinated CVD diamond films on sapphire
and tx-SiC.

TRIBOFLAT FLAT PIN Evaluation
________________________________ Techniqume

Sample A DC-CVD Die, on Si (100) DC-CV Die. on a-SiC SEW triboinetry
unpolished, -1.5 ltum thick unpolished, -1.5 urn thick

__________ 10% CF4, Ar Plasma. 3 Its. F2, 350 OC, 4 lire.______
Sample B MW-CVD Die. an a-SIC p0'S
Side I unpolished. -1.5 Itu thick

_______ 10% F2 in HO,_LW._Ihr. I________ I____
SapeB MW-CVD Die, ana-SIC DC-CVD Die. on a-SiC XPS,
Sie2 polished, -10 put thick unpolished, -1.5 urn thick SEM tuibometry
! n 10% F2 in He. UV, lI h. 110% F2in He. UV. 2hrs. I__ _ I_

Table 1. Fluorination parameters and test combinations of CVD diamond
film coated specimens.

SampleD B lement C~ls) N(lx) 0(h) P(Is) Nl(2p) S1(2p) Ne(ls) Ce( 11 (2Cp)
(SL %) 11I

Side I No etch 82.63 0.22 6.94 8.90 0.23 0.40 0.68
uniie 15 se; 92.19 * - 1.86 3.32 0.30 0.56 1.28

Side 2 no etch 62.44 0.48 -- 20.01 11.37 2.15 0.61 *

Polished IS se 69.59 0.26 9.29 10.69 - 3.26 1.43 .3 ___

-130 se: 71.30 10.28 3 .01 9.19 1.14 12.95 11.40 460 .3

Table 2. Atomic concentration table for polished and unpolished
fluorinated CVD diamond, listed as a function of argon etch
time.
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Figure 2. XPS spectra of fluorinated CVD diamond films: a) Sample B,
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TEMPERATURE AND BIAS EFFECTS ON THE PHYSICAL AND

TRIBOLOGICAL PROPERTIES OF DIAMOND-LIKE CARBON.

A.Grill, V.Patel and B.S.Meyerson

IBM Research Division, T.J.Watson Research Center, Yorktown Heights,
N.Y. 10598.

ABSTRACT.

Diamond-like carbon films deposited by rf PACVTD from acetylene at temper-
atures of 100 to 250 °C and -80 to -200 V DC have been annealed in vacuum
at temperatures up to 590 °C for 3-4 hours. The hydrogen content of the films
was found to decrease after annealing above 390 °C, yet approximately 20%
hydrogen was retained in all the films after annealing at 590 *C. The index of
refraction of as-deposited films or post-annealed at up to 390 °C was found to
be independent of the deposition temperature for a given substrate bias, but in-
creasing with increasing deposition power and decreasing bias. The sp2:sp
carbon ratio increases with increasing annealing temperature, and only sp2 bound
carbon is identified in the FrIR spectra after annealing at 590 *C. The wear
resistance in nitrogen of the as-deposited DLC is not affected by the deposition
parameters in the investigated range. However, better stability to higher
annealing temperatures was observed for DLC deposited at higher temperature
or higher bias. DLC films deposited at 250 IC and -150 V, remain wear re-
sistant in nitrogen even after annealing at 590 *C.

INTRODUCTION
Diamond-like carbon, or DLC films, are metastable amorphous materials, composed pri-

marily of sp2 and sp3 coordinated carbon atoms in a disordered network. DLC films have been
prepared by a variety of methods including DC and rf plasma assisted CVD, sputtering, or ion
beam deposition, from a variety of carbon bearing, solid or gaseous source materials (1-3).
These films are characterized by extreme hardness, measured to be in the range 2000-9000 kg/
mm 2

, a generally low friction coefficient, between 0.01 and 0.28, as well as very high internal
stresses (1). The films typically have high optical transparency over a wide spectral range, high
electrical resistivity, and chemical inertness to both acids and alkalis.

Depending upon the precursor materials and preparation technique used for deposition,
DLC films contain a significant amount of hydrogen, whose concentration has been shown to
vary between less than 10% up to 50% (4). The hydrogen content critically determines film
structure, e.g. the spl:sp ratio and thus the properties of the films. Hydrogen content is also key
to obtaining a wide optical gap (E.) and high electrical resistivity, as it passivates the dangling
bonds in the amorphous structure (2).

The properties of DLC films are known to depend strongly upon both the deposition
method and the specific deposition conditions. Deposition is generally done at relatively low
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substrate temperatures, Td < 300 °C, in that for substrate temperatures above 325 °C the bandgap
goes to zero, (E,,-0 eV) electrical resistivity declines rapidly (a-+102 fQ'cm'), and the films
soften significantly (e.g.Meyerson and Smith 1).

The unique properties of DLC films make them usefil as protective coatings on metals,
optical or electronic components, and in particular for applications where layers of order of 100
nm thickness or less are required. In present applications DLC films are employed at about room
temperature, but one may envision applications requiring higher usage or post-deposition proc-
essing temperatures, where the thermal stability of DLC films becomes important.

Thermal stability has bern previously examined for some DLC films (6-9), with emphasize
on changes of the hydrogen content or infrared absorption. The general trend observed was a
reduction in the hydrogen content in the films and changes in IR absorption with annealing
temperature. However, the behavior of the films after thermal annealing appears to be dependent
upon the preparation methods used by the different authors, similar to the properties of the as-
deposited DLC films.

Given the dependence of the properties of DLC films on the specifics of the deposition
system and chemistry, it is important to characterize the films deposited by a specific method-
ology (apparatus and precursor). This paper presents the characterization of DLC films depos-
ited by rf PECVD from acetylene as a function of deposition parameters, their tribological
properties, and the effect of thermal annealing on the properties of the films.

EXPERIMENTAL

The presently discussed DLC films were deposited, as described in detail elsewhere (10)..
by the rf plasma decomposition of acetylene, on Si(100) substrates at a bias between -80 and
-200 V, rf power densities of 0.1 to 0.2 mW.cm-2, and temperatures of 100 to 250 *C. The Si
substrates were cleaned with electronic grade acetone and ethanol, and nnsed with 18MO DI
water. Prior to deposition, the substrates ,vere additionally in-situ sputter cl. aned in an argon
plasma. Following deposition, the DLC layers were annealed under vacuum for up to four hours
at temperatures up to 590 °C.

The index of refraction of the DLC films was measured by ellipsometry at X = 6238 A.
Infrared absorption was measured between 1000 and 4000 cm-' using a Fourier transform in-
frared spectrometer (FTIR) at a resolution of 4 cm-1 as described in detail elsewhere (11). The
hydrogen content of the DLC films was determined by the forward recoil elastic scattering
method (FRES) using a 2.3 MeV 4He beam and fitting the calculated energy distribution of the
recoiled atoms to the experimental data (12), by adjusting the hydrogen concentration in the
calculations.

The wear resistance and friction coefficients of thin DLC films were investigated using a
specially designed pin-on-disk type tribotester (13). The tribotester was contained in a box
where the humidity was controlled by continuous purging with dry nitrogen. The wear of Si
wafers coated with DLC films was measured against stainless steel riders (440C ball bearings).
A load of 0.088N (9g) was applied to the riders of a diameter of 0.794cm, corresponding to an
initial Hertzian stress (14) of 215 MPa. The wear test was performed by running the apparatus
for a preset number of rotations and measuring the resulting wear tracks with a profilometer.
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RESULTS and DISCUSSION

Consecutive FRES measurements at the same spot on DLC films deposited at 100 *C
showed a decrease of the hydrogen content as a result of the bombardment with the energetic
ion beam, as shown in Figure 1. This behavior indicates the existence of a polymeric compo-
nent, which decomposes under the bombardment with the energetic ions. A similar behavior
was observed previously for DLC films deposited at 30 °C and to some extent for fihns depos-
ited at 150 °C (15). however it is not observed for the films deposited at temperatures in excess
of 180 °C, for which the FRES data remains constant during consecutive measurements at same
position on the films.

Figure 2 shows the hydrogen concentration in DLC films deposited at a substrate bias of
-80 V and three different substrate temperatures, as a function of annealing temperature. The
concentration values are accurate to ± 2 %. Identical behavior to that presented in Figure 2 was
observed for films deposited at -150 V DC bias, indicating that the change of the substrate bias
from -80 to -150 V does not affect the amount of hydrogen incorporated .n the film. As can
be seen, the hydrogen concentration in the films is not affected by annealing at 390 °C and starts
to decrease only after annealing the film above 440 °C, reaching essentially identical values of
hydrogen content in all films, independent of their deposition conditions. After annealing at 590
°C for 3 hours, the DLC films deposited in the present work still retain approximately 22%
hydrogen. Couderc and Catherine (8) also found retention of tydrogen in DLC films deposited
at certain conditions after annealing at 800 °C, while for films deposited at other conditions
complete removal of hydrogen was observed after annealing at 600 °C (8,9). However, due to
the different deposition parameters used by the various authors, it is not possible to perform a
one to one comparison of their work in an effort to isolate what aspect of film growth determines
the hydrogen stability in the annealed films.

The infrared absorption peaks of DLC (at 2100-3100 cm-' and at 1400-1500 cm-') should
provide an indication of the hydrogen content in the films and has been used to determine its
bonding to sp or sp3 carbon atoms (16). Figure 3 presents the relevant regions of the IR
absorbance spectra of DLC films deposited under three different combinations of temperatures
and bias, as a function of the annealing temperature. Additional FTIR data for DLC films de-
posited at other temperatures can be found elsewhere (11). The identification of the absorption
peaks, according to (16,17) is presented in Table I. As can be seen in Figure 3, the spectra of
the as-deposited films are similar for all deposition conditions. The peak at 2800-3000 cm-1,
corresponds to a superposition of stretching vibrations of C-H with hydrogen bonded to sp
carbon, while the peaks at 1450 cm-' and 1370 cm-1 correspond, respectively, to the asymmet-
rical and symmetrical deformation frequencies of C-CH 3. A small absorption peak is observed
in some cases at 1700 cm-'. This peak is identified as corresponding to C--O vibrations in the
-COOH group (17). As AES measurements showed that the bulk of the DLC films does not
contain oxygen, both before and after annealing, the peak at 1700 cm-' is probably caused by
oxygen adsorbed on the surface of the films or at the film-substrate interface.

Previous high resolution NMR spectroscopy showed that DLC films deposited at 250 °C
and -80 V contain carbon in the two bonding states sp and sp3, at a ratio sp2 :spl =3:2 and that
hydrogen was bound in tnat film in almost equal parts to the two differing coordinations of
carbon atoms (15). However the FTIR spectra of the as-deposited films do not show an ab-
sorption peak corresponding to the sp CH stretching mode at 3045 cm- . The high resolution
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NMR spectroscopy provides well separated peaks for the two carbon coordinations, sp and spl
and has the ability to determine accurately both the ratio of carbon atoms in the two configura-
tions and the relative distribution of hydrogen on carbon atoms in each coordination. The FTIR
spectra could therefore not be used for the determination of the sp2/sp ratio in the present DLC
films. Nevertheless they provide information on the relative behavior of the films as a function
of deposition conditions or annealing temperatures.

As can be seen in Figure 3, the major change occurring in the IR spectra of the DLC films
after annealing them at 390 C is the appearance of the stretch peak of conjugated aromatic C--C
sp2 carbon at 1600 cm-1, without a significant change in the intensity of the peak at 2800-3100
cm-'. ..- result is consistent with the FRES results (Figure 2) and indicates that the major
change re-,|lting from annealing at 390 C is the reorganization of carbon atoms in local
graphitic co,)rdination, without a significant loss of hydrogen from the films. Only after
annealing above 450 °C does the hydrogen peak corresponding to hydrogen bound to sp C de-
crease, while the peak of the sp2 CH stretch mode appears at 3045 cm-'. This is accompanied
by a further increase of the C--C peak at 1600 cm- and a decrease in the peaks of C-CH3 at 1450
cm- and 1370 cm-'. The similarity of the spectra of DLC films deposited at 250C for biases
either -80 and -150 V (Figure 3 (b) and (c)) indicates identical hydrogen bonding in the films
deposited at different biases.

After annealing at 590 °C, only a small peak at 3045 cm-', corresponding to sp2 CH, and
the peak at 1600 cm-', corresponding to spI C=C are observed in the IR spectra. The FRES
results indicated that about 22% hydrogen remains in the films after annealing at 590 *C. The
FTIR peak at 3045 cm-' indicates that a significant fraction of it is hydrogen bound to sp2 co-
ordinated carbon. It should be emphasized that the changes occurring during annealing take
place at lower annealing temperatures for films deposited at the lower temperature (see
Figure 3 (a) and reference (11)). This may be correlated to the break-up of the polymeric frac-
tion existent in DLC deposited at lower temperatures.

The index of refraction of the films deposited at a substrate bias of -80 V and rf power
density of 0.1 W.cm-2 was found to be insensitive to deposition temperature, and was measured
as n = 1.9 ± 0.2 (11). It was found, however, to increase with deposition power, at constant bias,
but to decrease with increasing bias, at constant power (18). The decrease of the index of re-
fraction with increasing bias, at constant power, does not contradict other reports of increasing
index of refraction with increasing bias because in those cases the self-bias has been increased
by increasing the applied rf power (e.g. references (19-21)). It appears therefore that the effect
related to the bias in previous works was in fact an effect of the power (and eventually pressure).

Figure 4 presents the index of refraction of three DLC films, deposited at different condi-
tions, as a function of annealing temperature. As can be seen, the index of refraction remains
nearly constant with annealing temperatures up to 390 °C, independent of deposition temperature
and substrate bias. Annealing at temperatures above 390 °C results in an increase of the index
of refraction for films deposited at 100 *C, while the index of refraction starts changing only
at temperatures above 440 *C, for the films deposited at 250 1C. However, after annealing above
440 C, the indexes of refraction of the film deposited at 100 C and -80 V and of the film de-
posited at the larger negative bias of -150 V and 250 *C increase much faster than me index
of refraction of the film deposited at 250 C and -80 V.
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The correlation between the index of refraction and hydrogen content is presented in
Figure 5 for the same films as in Figure 4. For a given set of deposition conditions, the index
of refraction increases with decreasing hydrogen content, as was also reported by other authors
(20,21). However, in our case, for identical hydrogen content, the index of refraction of the
as-deposited or annealed DLC is dependent on the deposition conditions and different values
of index of refraction are obtained at same hydrogen content.

These results indicate that DLC films deposited under different conditions of the present
study, yet containing the same amount of hydrogen, have different distributions of the hydrogen
among the spi and sp carbon, and different ratios of sp2/sp3 C in the films. This, however, was
is not reflected in the IR spectra, and has to be further investigated by high resolution NMR.
The behavior of the refractive index (Figure 4) together with the FTIR results (Figure 3) dem-
onstrate that DLC films deposited at high substrate temperatures are stable to higher annealing
temperatures.

The value of the static friction coefficients of the as-deposited DLC films is 0.20±0.05.
The changes observed in the friction coefficients after annealing the films were essentially within
the experimental error. Nevertheless, it appears that the smallest changes in the friction coeffi-
cients after annealing occurred in the films deposited at -150 V and 250 °C, indicating agaL),
that deposition under this conditions results in a DLC film that is stable to higher temperatures.
Figure 6 shows the initial record of the friction coefficient between a steel ball (440C) and a
bare silicon wafer, and the steel ball and a silicon wafer coated with DLC. As can be seen, the
friction coefficient with DLC is less than half that with silicon and the friction between the steel
and DLC is characterized by a strongly reduced stick-slip behavior (indicated by the spread be-
tween the maxima and minima of the friction coefficient).

The effect of coating the silicon wafer with DLC on the wear of the wafer is illustrated in
Figure 7 which shows the profiles of wear tracks obtained in the pin-on-disk tribotester on
silicon, after 30,000 passes, and on DLC, after 250,000 passes. The depth scale in Figure 7 (a)
is 100 times larger than in (b). The results show that by coating the Si wafer with DLC, wear
is greatly reduced. In addition, considerable wear was observed on the steel rider after the wear
test on silicon, while no wear could be seen on the steel rider after the wear test on DLC. By
preventing the wear and formation of fracture particles from the worn surface of the disk, the
DLC film protects also the uncoated (softer) steel rider from wear.

The wear of DLC films is presented in Figure 8 as a function of the annealing temperature.
The wear is expressed, on a logarithmic scale, in track depth per 104 rotations in the tribotester.
The wear tracks were obtained after 260,000 rotations. The bars extending over the whole height
of the box indicate that the respective DLC films were completely worn-through after only a few
thousand rotations. As can be seen, the as-deposited films showed very little wear, independent
of the deposition temperature, with the film deposited at a bias of -150 V DC having only a
negligible amount of wear. After annealing at 390 0C, the films deposited at -80 V DC, at 100
and 180 *C had little wear resistance, and were completely worn through after a few thousand
rotations. The flm deposited at -80 V DC and 250 OC and annealed to 440 *C, did wear at a
higher rate than the as-deposited film and was worn-through after annealing at 490 OC. On the
other hand, the wear of the DLC film deposited at 250 OC and -150 V was negligible after
annealing at 390 0C, increased after annealing at higher temperatures, but remained low even
after amealing at 590 °C for three hours (see Figure 8). Thus, whiie the other characterization
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methods revealed only small changes in the DLC films after annealing at 390 *C, with almost
no differences between the films devosited at the various temperatures and same bias, wear
testing showed that only the film deposited at the higher temperature or higher bias is still wear
resistant after annealing for four hours at 390 or 440 *C.

Few papers report the effect of the deposition temperature on the properties of DLC films.
It was for example reported (1,5) that the optical gap decreases with increasing substrate tem-
perature, with a rapid decrease above 250 °C. The deposition is most probably controlled by
the ;'nieraction between the radicals produced in the plasma and the surface. This interaction
may in turn be affected by the coverage of the surface with atomic hydrogen, as in the case of
a-Si:H deposition (22). According to Catherine (23), the growth rate is indeed intermediated
by a layer adsorbed at the surface. Higher deposiaon temperatures apparently reduce the hy-
drogen coverage of the surface which then affects the growth rate and the properties and struc-
ture of the deposited film.

The results show that an increase of the negative surface bias from 80 to 150 V causes
significant improvement in the wear resistance and thermal stability of the films, making them
less sensitive to annealing. Though the hydrogen content (Figure 2), the index of refraction
(Figure 4), and the IR spectra (Figure 3 (c)) of the film deposited at the higher bias all change
with increasing annealing temperature, indicating modifications in the structure of the film, these
modifications have little effect on the friction coefficients and the wear behavior of the as-
deposited films. The comparison of the mentioned physical properties of the films deposited
at the higher bias with those of the films deposited at the lower bias does not indicate that one
has to expect a different wear behavior of the DLC films. However, the observed behavior of
the friction coefficient and of the wear rates indicates that the films deposited at higher bias have
significantly different local structures, in the as-deposited and annealed state, than the films de-
posited at the lower bias. I that films deposited at one temperature but different biases contain
the same amount of hydrogen, it is again clear that what is changing is the local atomic coor-
dination, and the films may have significantly different ratios of sp2 and sp3 carbon.

The effect of bias on DLC properties has been investigated before by different authors
(8,19,24-27), and the bias has been found to affect the structure or hardness of the films.
However, there appears to be no systematic study ef the effect of the bias on the structure and
bonding (e.g. sp2/sp') in the films. To what extent this happens has to be determined by a method
more sensitive to structure than FMIR, or even Raman spectroscopy. High resolution NMR, with
the proton decoupling option, may eventually be able to elucidate the difference in the structure
and its relation to wear behavior between DLC films deposited under different conditions.

CONCLUSIONS

Annealing in vacuum up to 390 IC of DLC films deposited by rf decomposition of
acetylene has only slight effects on their optical properties or hydrogen content. Annealing at
higher temperatures results in a reduction in the hydrogen content and an increase in the index
of refraction, with larger changes found for films deposited at lower temperatures or lower bi-
ases. About 22% hydrogen is retained in the films after annealing at 590 °C for three hours.
The index of refraction increases with decreasing hydrogen content in the films but is also de-
pendent on the deposition conditions, at a fixed hydrogen content.
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After annealing at 390 OC, films depositzd at 15 W and -80 V, and at temperatures of 100
0C and 180 0C provide no wear resistance. Films deposited at 250 OC are still wear resistant
after annealing at 440 OC, and films deposited at 23 W, -150 V and 250 *C remain wear resistant
even after annealing at 590 °C. The results indicate that the DLC films deposited at higher
temperature or bias are more stable to higher annealing temperature.

Although IR absorption indicates similar structures for the films deposited under different
conditions, the wear behavior of the as deposited and annealed films is strongly dependent on
the deposition conditions, reflecting differences local atomic structure of the films.

Table I. IR absorption frequencies in Diamond-Like Carbon.

Line Wavenumber Assignment Type

(cm-)

a 3045 sp CH stretching

b 2960 sWp CH3 asymm. stretching

c 2920 sfp CH 2  stretching

d 2875 sp3 CH) symm. stretching

e 1600 sp C=C conjugated stretching

f 1450 C-CH3 asymm. deformation

g 1370 C-CH3 symm. deformation
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Figure 1. (left) FRES results for a DLC film deposited at 100 *: The ragged lines show the
experimental data; the smooth line is the calculated fit to the data group 1. The numbers
indicate consecutive measurements on same spot.

Figure 2. (right) Variation of hydrogen content with annealing temperature.
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ATOMIC COORDINATION AND MACROSCOPIC PROPERTIES OF

HYDROGENATED DIAMONDLIKE CARBON

M. A. Tamor and K. R. Carduner

Research Staff, Ford Motor Company, SRL MD-3028
Dearborn, MI 48121-2053

ABSTRACT

Carbon bonding environments in plasma-deposited hydrogenated amorphous
carbon (a-C:H) have been examined by nuclear magnetic resonance (NMR) spec-
troscopy. These local measurements of carbon bonding are connected to the
elastic properties of a-C:H through the random covalent network concept of
Phillips and Thorpe. It is shown that a-C:H consists of a slightly overconstrained
random network in which small graphitic clusters, which determine the optical
properties, are embedded.

INTRODUCTION

Thin films of hard carbon materials are rapidly gaining in technological impor-
tance.' While true diamond can be produced by chemical vapor deposition, the
required growth environment is destructive to many substrates of interest.
Amorphous carbon, although not as hard as diamond, can be produced at or
below room temperature. Hydrogenated amorphous carbon (a-C:H) can be
deposited f r- hydrocarbon vapor by plasma or ion-beam, while hydrogen-free
material (a-C) can be formed by a variety of ion-beam, arc-plasma and laser-
plasma techniques. Despite popular use of the term "diamondlike" in reference to
hard, insulating amorphous carbon films, the degree to which the observed
properties of "diamondlike" carbon (DLC) reflect an "amorphous diamond"
structure (analogous to amorphous silicon) is unclear and highly controversial. To
date, the degree of "diamondlike" character has been inferred from measure-
ments of dielectric response (optical gap, electron-energy loss) and film hardness
and density. However, Tamor and Wu have demonstrated how a structure
composed of very little quaternary carbon might exhibit the same properties that
are cited as evidence for an "amorphous diamond" structure.2 Thus, more direct
probes of local atomic structure are required. Here we describe results of a
systematic study of atomic coordination in a-C:H by nuclear magnetic resonance
spectroscopy.
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EXPERNENT

NMR
Hydrogenated amorphous carban films were deposited from an RF-biased
methane plasma (50 mT) at several bias voltages ranging from 0 to 1000 V. Solid-
state 13C magic angle spinning (MAS) NMR spectra were acquired at 75.5 MHz
in a Bruker MSL 300 spectrometer equipped with a Bruker MAS probe with a
spinning speed of 4.5 kI-Iz It was found that iith sufficient sample mass (100
mg) and long averaging times (48 h) the natural abundance of 13C was sufficient
to obtain quantitative spectra. A series of pulse sequences were tested in the
search for conditions which ensured quantitative spectra of different carbon
bonding environments. Following this investigation, spectra were obtained using
two sequences: (1) acquisition following a single 900 pulse under high-power
proton decoupling (HPPD) and (2) the same using 60 14s of interrupted de-
coupling. Four classes of carbon bonding environments can be resolved: three-
fold with protonation (aromatic or olefinic), three-fold without protonation
(graphitic), four-fold with protonation (aliphatic or methine) and four-fold without
protonation (quaternary, as in diamond). The fractions of each are labelled f3H,
f3C, f4H, f4C respectively, and normalized such that f3H + f 3C + f 4H + 4C =-1
The inferred hydrogen content, XH and four bonding fractions are shown as a
function of Vb in Figs. la and lb.

Hydrogen Content
The hydrogen content (atomic fraction, XH) was determined from the NMR data
as:

XH = (Af H + Bf4H)/(l + Af 3H + Bf4H), (1)

where A vanies from 1 to 2 to reflect the relative abundance of CHI and CH2,
structures and B varies from 1 to 3 to reflect the relative abundances of CH-I,
CH2, and CH3 structures. Three of these seven bonding configurations can be
eliminated. First, C{2* is a highly unstable pendant radical and is unlikely to
persist in significant amounts: A = 1. The characteristic methyl rotor NMR
signature was evident only in the soft low-voltage films and was normalized out of
the coordination average for that film: B s 2. Assuming B - 1 (all inC-H) yields
XH - 0.3 independent of Vb, grossly at variance with published values.3 Assum-
ing B = 2 yields XH - 0.6 at low bias, decreasing to less than 0.3 at high bias, in
good agreement with published measurements. [The assumption of all aliphatic
carbon probably leads to a slight systematic overestimate of XH. See appendix.]
The established trend from a polymeric material rich in aliphatic carbon at low
bias to graphitic material rich in unprotonated three-fold coordinated carbon at
high bias is reproduced in the NMR data. However, an unexpected feature of the
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data is that quaternary carbon is maximized in an intermediate range of V b (200
to 400 V).

Hardness
Figure 2 shows the nano-indentation hardness of several films grown in our
laboratory (solid circles) compared with those of films grown under identical
conditions elsewhere 4 (solid squares). These data show that hardness increases
rapidly at low bias voltage (assuming that polymeric, low density films are very
soft) peaks near V' = 250 V, and then decreases gradually with further increase
in Vb. The correlation between quaternary carbon and hardness is clear.

RANDOM COVALENT NETWORKS

RCN Basics
Several authors have attempted to make a connection between the statistics of
local carbon coordination and macroscopic film properties, through random
covalent network (RCN) theory.5 The RCN concept as described by Phillips and
Thorpe 6 is based on the fundamental statement that a network cannot be rigid
unless the number of translational oscillators of non-zero frequency is equal to 3N,
the number of translational degrees of freedom in the network (where N is the
number of nodes in the network). A simple derivation shows that this condition is
met when the mean atomic coordination, Nay (the average number of bonds to
other nodes party to the network; i.e. not dangling atoms or clusters) is exactly 2.4.
Nav greater than 2.4 is termed "overconstraint" and is quite reasonably taken to
imply increased rigidity and therefore hardness. However, because it implies more
than 3N constraints (or 3N oscillators), which is physically impossible, it really
means that constraints have not been counted correctly. This failure of the RCN
treatment occurs because method for counting constraints is local and does not
apply to an overconstrained network (by this definition) in which some or all
oscillators are not local. Thus there is no strong connection between optimally
constrained networks and macroscopically hard materials. Fortunately, He and
Thorpe7 have treated overconstrained random fourfold coordinated networks by a
simulation in which atoms were removed at random from a diamond lattice and
the elastic properties of the resulting network calculated. They found an entirely
empirical relationship between hardness, H, and Nay:

H = Ho[(Nav - 2.4)/(No - 2.4)] 1.5 (2)

where No = 4 for the diamond lattice and H0 = 105 GPa for diamond. The open
circles in Figure 2 show the hardness for a-C:H as calculated by Eq. 2 using

387



Nay = 44C + (4-B)f4H + 3f3c + (3-A)f3 H  (3)

with A = 1 and B = 2. Given the simplicity of the simulation method and the
complexity of a-C:H, the calculated "hardness" is in serprisingly good quantitative

and qualitative agreement with the measured values. [See appendix.]

Clustering
The role of clustering in determining film hardness can be explored by simple
manipulations of the RCN formalism and the NMR data. The extreme case of
clustering is to assume that all atoms of a single type are grouped in a single
highly internally overconstrained node for which the ratio of external bonds to the
number of internal atoms is infinitesimal (i.e. a "super-atom" with many bonds to
the network). This is simulated by removinj one bonding class and renormalizing
the sum of the remaining classes. Setting f3  = 0 is equivalent to creating one
large graphite cluster which presumably does not effect the elastic properties of
the remaining "tissue" in which it is embedded. The effect of large graphitic
clusters is shown in Fig. 2 as the open squares. The general behavior is the same,
but the decrease in hardness at high Vb is more pronounced. Along with many
published Raman measurements, ° this is strong evidence for the presence of
graphitic clusters. In contrast, the open triangles in Fig. 3 show that clustering of
quaternary carbon removes all network rigidity except at high Vb where there is
sufficient graphitic carbon (now presumed to be dispersed) to achieve rigidity.
This shows that there are no diamond or "amorphous diamond" clusters in a-C:H
and that its hardness relies on a random dispersion of unclustered quaternary
carbon.

The RCN "Phase Diagram"
Although it cannot describe truly rigid solids, the RCN concept can be used to
generate the "phase diagram" for a-C:H first proposed by Angus and Jansen. 5

They applied the RCN formalism to an optimally constrained (Nay = 2.4) network
consisting of carbon and hydrogen. They showed that without reference to the
details of carbon coordination, the overall degree of fourfold coordination must
vary with hydrogen content as:

f4 = f4C + f4H = (8XH - 3 )/5(l- XH). (4)

This defines the curve on the plane of f4 vs. XH shown in Fig. 3. [See appendix.]
Materials lying on the curve are covalent networks without clustering. 'olymers
lie in a narrow band to the right of the RCN curve. [Note that this diagram refers
only to the polymer 'backbone" and the degree to which it is crosslinked through
shared carbon sites, and ignores pendant groups with which the backbone is
decorated.] liquids and finally gasses lie to the right of the polymer band.
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The effect of graphitic clusters can be simulated in the RCN formalism by placing
all three-fold coordinated carbon in large clusters and renormalizing the number
of nodes accordingly (without clustering each node is one atom). The new curve
representing optimally constrained networks with large graphitic clusters given by

f4 = 5XH/8(l - XH) (5)

is shown as the dashed curve in Fig. 3 (labelled C-RCN) and coincides neatly with
the measured values. This result is consistent with the proposal by Angus and
Wang9 that a-C:H consists of a random covalent network in which small graphitic
clusters (which determine the optical properties) are locked. However, with or
without multi-atom nodes, an optimally constrained RCN cannot have significant
macroscopic hardness. Thus not all overconstraint is relieved by clustering.
Furthermore, the finite clusters which must exist in the real material can contrib-
ute to network rigidity. Nevertheless, the close correspondence with the C-RCN
prediction is quite striking and emphasizes how little overconstraint is required to
achieve "diamondlike" hardness.

CONCLUSIONS

We have used NMR spectroscopy to obtain a detailed description of hydrogenated
amorphous carbon films formed under a wide range of conditions. A qualitative
and semiquantitative connection between local atomic coordination and macro-
scopic elastic properties can be made through random covalent network concepts.
We conclude that the elastic properties of DLC are characteristic of a random
network with only a small degree of overconstraint and that the hardness of DLC
relative to non-carbon materials (e.g. ceramics) is a consequence of the extreme
stiffness and shortness of the C-C bond. This implies that very much harder
networks are possible. Given the observed trend toward graphitic clustering to
maintain near-optimal constraint, the ability to form highly constrained all-fourfold
networks ("amorphous diamond") from hydrocarbon vapor is questionable.
However, there is evidence that hydrogen free networks with high degree of
fourfold coordination can be deposited from a ion beams of roughly 100 eV
energy. This is the same energy range at which the content of quaternary carbon
is maximized in a-C:H. [This effect is explained by Lifshitz, Kasi and Rabalais10

in terms of the larger atomic displacement energy of quaternary relative to
graphitic carbon (80 vs. 2.5 eV).] This implies that in the absence of hydrogen, a
largely four-fold coordinated carbon network may indeed be realizable. Given the
difficulties of inferring atomic structure from optical spectra, direct measurements
such as those described here will be essential in determining the true degree of
four-fold coordination in these new materials.
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APPENDIX

Figure 3 also shows the overall sp 3 fraction derived from our NMR results (solid
symbols) and measurements of several other investigators (open symbols). These
are in excellent agreement except for the point corresponding to the Vb = 1000 V
film, where it appears that XH has been slightly overestimated (i.e. B < 2). This
omission of nC-H sites results in an underestimate of XH in Fig. 2 and hardness in
Fig. 3. Also, large graphitic clusters are not really the points by which they are
described in RCN theory, but are equivalent to pancake-shaped voids in the
connectivity of the network. Given the complexity of this material and the
simplifications of the simulations by He ard Thorpe, interpretations of the
quantitative agreement between experiment and theory, or elaborate corrections
to improve that agreement, are unlikely to be meaningful.

ACKNOWLEDGEMENTS

The authors with to thank M. Rokosz for acquiring the NMR spectra, Professor
Michael Thorpe for his patient explanations of covalent network theory, Dr.
Kenneth Hass for many helpful discussions of this work, and Dr. Carl McHargue
for arranging for the nano-indentation measurements at Oak Ridge National
Laboratory.

REFERENCES

1. J. C. Angus and C. C. Hayman, Science 2. 913 (1989).

2. M. A. Tamor and C. H. Wu, J. Appl. Phys. 67 1007 (1990).

3. S. Kaplan, F. Jansen and M. Machonkin, Appl. Phys. Lett. 47. 750 (1985).

4. X. Jiang, K. Reichelt and B. Stritzker, J. Appl. Phys. 66, 5805 (1989).

5. J. C. Angus and F. Jansen, J. Vac. Sci. Tech. A §, 1778 (1988).

6. J. C. Phillips and M. F. Thorpe, Solid State Commun. 53, 699 (1985); M. F.
rhorpe, J. Non-Crystalline Solids 57 355 (1983).

7. 1. He and M. F. Thorpe, Phys. Rev. Lett. 54. 2107 (1985).

8. M. A. Tamor, J. A. Haire, C. H. Wu and K. C. Hass, Appl. Phys. Lett. 54,
123 (1989) and references therein.

390



9. J. C. Angus and Y. Wang, NATO Advanced Study Institute on Diamond
and Diamondlike Materials, Castelvecchio Pascoli, Italy, 1990.

10. Y. Lifshitz, S. R. Kasi and J. W. Rabalas, Phys. Rev. Lett. 62 1290 (1989).

0.6

0.5 (

0.4 ~

0.6

~ .5 (b) fC3
0.5

0.4 /

.2 0.2 fHM
o.3

.. . .. .

0.

0.01
0 200 400 600 800 1000

Bias Voltage (V)

Figure 1. a) Atomic fraction of hydrogen, XH, as
a function of substrate bias voltage, Vb. b) Bias

voltage dependance of the four carbon coordina-
tion fractions. Te estimated error on each

fraction is *0.05.

391



20

10

0

0 200 400 600 800 1000
siam Voltage (V)

Figure 2. Bias voltage dependance of the nano-indentation hardness of
DLC film deposited in our laboratory (solid circles) and elsewhere (solid
squares).4 The open symbols are hardness calculated f-rm the Eq. 2 for all
atonis(O), with graphitic clusters (open squares) and quaternary clusters(A).

1.0 1 1

0.5 (CH2)"

C
a Solids 8 Uquids

0. &
o ~ Gasses

0.2 0 RC N

-C-RCN (CH)fl
0.0 -

0.0 0.2 0.4 0.6 0.8 1.0
Hydrogen Content, X.

Figure 3. Hydrocarbon phase diagram, modified from that proposed by
Angus and Jansen. The solid line is the existence curve for optimally
constrained random twoxks without clustering. The dashed curve is for
random networkcs w, i .agraphitic clusters. Solid symbols are our NM
measurements, open symbols are NM results from other laboratories.

392



DIAMOND-LIKE NANOCOMPOSITES
A NEW CLASS OF ELECTRONIC MATERIALS
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ABSTRACT

A new class of diamond-like materials have been synthesized, consisting of
nano-composite structures of Si-O and transition metal networks imbedded in a
diamond-like carbon matrix. The two-network (a-C:H, a-Si:O) and three-network
(a-C:H, a-Si:O, a-Me) structures provide mutual stabilization, which prevents the
growth of graphitic structures at high temperatures. The composite structures have
reduced internal stress, resulting in enhanced adhesion to a wide variety of
substrates. The materials are amorphous and do not contain clusters, and the
random networks are bonded to each other mainly by weak chemical forces.

In metal containing nano-composites, the conductivity can be varied
continuously over 18 orders of magnitude by varying the concentration of metal
atoms. Conductivities as high as 104 S/cm have been achieved with W-containing
films.

INTRODUCTION

Recently, there has been a great deal of work devoted to synthesis of carbon-
base microcompositesl- 3.The term "composite" is typically used to stress that the
main microstructural feature of this class of materials, distinguishable, e.g. by
electron microscopy, is the existence of regions of one of the constituents dispersed
randomly in the matrix of another. In the dielectric regime such microstructural
inhomogeneities (small metallic inclusions) are dispersed in an organic matrix. As
the metal concentration is increased, the metal inclusions grow and form a maze
network (transition regime). At this percolation threshold most of the characteristics
of the material change abruptly. As the relative concentration of the metallic
component is further increased, a metallic regime is finally reached, and the material
can be characterized as a metallic continuum with dielectric inclusions. In this
respect, plasma polymer/metal films differ from those of plasma polymerized
organometallics, where the metals are usually dispersed as chemically bonded
atoms4.

Considerable amount of work has also been devoted to investigate a-
C:H/metal composites, including the amorphous carbon-metal composites with W
and other heavy transition metals5 -7. Typically, metals form carbides in such films.
Weissmantel et al.s produced amorphous carbon films with extremely small metal
clusters. However, upon annealing above 1000 'K, a segregation of small carbide
or small metal crystallites was observed. The presence of only a small amount of
the metal (-3at%) appeared to influence the microstructure of the metastable carbon
matrix, which exhibited a sharp drop in microhardness and resistivity.
Unintentional clusters destroy the local symmetry of the medium, and are able to
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serve as active centers of degradation. A key problem, therefore, is to maintain
uniformity and stability of the matrix.

Plasma deposition processes take place at exceptionally high rates of
relaxation of the initial particle energy. An estimate of this rate can made by taking
into account the upper limit of the particle energy which can be elastically dissipated
by the crystal lattice (about 25 eV), and the typical time of this dissipation (10-11 -
10-12 sec). In principle virtually any compositions of the amorphous nano-
composites can be produced by plasma-ion deposition techniques. If the formation
of clusters can be excluded during films growth, the resulting structure has high
stability. Minimizing the formation of clusters in the sources, in the primary plasma
and in the chamber during film growth is essential to achieve the stable, amorphous
structure.

SYNTHESIS OF DIAMOND-LIKE NANOCOMPOSITES

We have synthesized a new class of amorphous diamond-like materials
which consists of nano-composite structures of Si-O and transition metal networks
imbedded in a diamond-like carbon matrix. The two-network (a-C:H, a-Si:O) and
three-network (a-C:H, a-Si:O, a-Me) structures provide mutual stabilization, which
prevents the growth of graphitic structures at high temperatures.

The synthesis of the diamond-like nanocomposites (DLN) can be achieved
by codeposition of clusterless beams of ions, atoms and/or radicals, if the mean free
path of each particle species exceeds the distance between its source and growing
film surface. This excludes interparticle collisions in the deposition chamber, and
every beam contains the particles in a well defined energy range.

We have developed several methods of two-network DLN depositions. The
most effective are based on plasma polymerization of organo-silicon precursors,
such as siloxanes, by ion bombardment (Ar+, Kr+, 30-150 keV) of siloxane vapor
(about 3x10-4 torr), and by plasma enhanced deposition with quasi closed
plasmatron (0.3 - 5.0 keV)1O-12. In first case the self-stabilized DLN growth is
controlled by the tunneling relaxation of the charge of the adsorbed radicals through
the growing dielectric diamond-like carbon (DLC). The films growth, therefore,
stops at 6-8 rm. DLN films are extremely uniform and non-porous even at
thicknesses as low as 3-5 nm.

With plasma enhanced deposition, the DLN growth is stable to thicknesses
of at least 10 pam. A specially constructed plasmatron allows direct injection of high
boiling point liquid agents into the active plasma regionO-12 .The formation of the
third network of DLN is achieved by co-evaporation and/or sputtering of metals
during the deposition process.
Substrates are placed in an adjacent chamber on a multiposition drum which ensures
double rotary motion. A negative RF or DC potential is applied to the substrate
during the deposition process. No external heating is required. Substrates are
cleaned in situ by plasma etching prior to deposition. The typical values of some
process parameters are: discharge power of 750 W, chamber pressure of 2 x 10-2
Pa and growth rates between I and 3 micr'ns/hour.

A special method has been developed for protection of biomaterials and
electronic devices. The flow of the neutral radicals with optimum kinetic energy is
reflected from a high voltage target and is directed to the devices to be coated. This
process avoids damage to the devices by charged or/and fast particles during the
film growth.
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COMPOSITION AND STRUCTURE OF DLN FILMS.

Invesigations of the structure and chemical bonding of DLN films have
been carried out by glancing X-ray and electron diffraction, electron paramagnetic
resonance, Auger and IR spectroscopy, differential thermal analysis, transmission
electron microscopy, atomic force microscopy, electron projection and Rutherford
backscattering. The films do not contain areas of ordering greater than that defined
by one third of the radius of the coordina~on sphere. The metals are distributed as
separate atoms or as a separate disordered network and all three interpenetrating
networks are bonded to each other primarily by weak chemical forces.

Analysis of comparative chemical activity of DLN deposited under different
conditions, yields important additional information. Annealing of DLN in air at 700
°C removes the carbon diamond-like matrix while preserving the silicon glass-like
network. Etching of DUN in HF acid, on the other hand, removes the Si-network,
while preserving the diamond-like carbon matrix.

ELECTRICAL CONDUCrIVITY OF DLN FILMS

Many of the main electron transport mechanisms 13 can be observed in
dielectric and intermediate state of DLN. The electrical conductivity of three-
network DLN can be varied over a wide range by controlling the metal
concentration14. A variation of 18 orders of magnitude, from 1014 ohm-cm to 10-4
ohm-cm, have been observed with W-containing films, as shown in figure 1. At
low concentrations, the metallic atoms enter the unconnected nan e in the DLC
matrix. The diameter of the nanopores varies from about 2.8 to 3.- A. Upon filling
of the nanopores (estimated pore volume about 10 %), the W enters the matrix of
the film, resulting in a homogenous distribution of metallic and dielectric phases

-ihber concentrations of W lead to the formation of connected networks
and metallic conductivity of the film. Similar behavior has been observed with other
metals as well It should be pointed out that carbide formation was not observed
even at concentrations of transition metals as high as 50%.

STABILITY

Extreme stability to high temperatures, and to thermal and mechanical
cycling has been observed with din fimsl 4 . Two hour exposure to flowing HO at
temperatures over 1250 °C, and inunersion in various inorganic and organic liquid
agents have shown these films to be impermeable to highly *ve media.

Experiments on the determination of Schottky diode characterics of W-
alloyed DLN/GaAs contacts were carried out after annealing at 850 °C. Barrier
heights ia the range 0.82-0.86 eV were observed, and the amorphous state of the
DLN was preserved. Short-time tests (with 100 s pulses) have shown that DLN
thermal resistors were stable after 2x108 pulses maximum temperatures above 750
°C, and 106 pulses with maximum temperatures above 1250 C.
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APPLICATIONS

The DLN films have many applications as both protective coatings and as
electroactive materials. DLN protective coatings have the properties of the diamond-
like state, while at the same time provide elasticity and virtually stress-free
interfaces to a wide variety of substrates. DLN films have strong adhesion to any
magnetic disk material, while traditional DLC coatings require special adhesive
sublayers and induce the internal stress in the active layer of the magnetic disk.
DLN also provide the possibility of self-lubricating effects by control of the
polymer component in the surface layer of the protective coating. The process of
DLN deposition does not influence the functional parameters of hard disk magnetic
layers. In addition, the electronic conductivity of DLN eliminates undesirable
electrostatic effects during the deposition and running of coatings. More than 30
000 start-stop cycles without any observable change has been demonstrated with
films of 25-40 nm thickness1S. DLN films are, therefore, particularly interesting
for developing high density hard disk technology with a distance between the head
and the magnetic medium in the 250 nm range.

Three-network films containing heavy transition metals, such as W, can be
used as Schottky barrier contacts. Extremely stable, low leakage current, Schottky
barrier contacts have been formed between three-network W-containing nano-
composite films and Si and GaAs. Barrier heights and ideality factors of 0.82-0.86
eV and 1.2-1.5 respectively for GaAs, and reverse breakdown voltages in excess of
25 V with GaAs and 100 V with Si have been measured. These values are
comparable with those quoted for the best refractory metals, nitrides and silicides.
The DLN films have additional potential applications as insulating, passivating and
protecting films in Si and GaAs MIS structures, as optically transparent protective
windows for GaAs opto-electronic circuits, and in self-aligned FET technologyl6.

W-containing DLN have also shown to have the highest stability reported as
thermal resistors for ink-jet printers. DLN thermal resistors were stable to 2x10 8

shock pulses with maximum temperature above 700 °C, and 106 pulses with
maximum temperatures above 1250 OC.

Microbiological and clinical tests have demonstrated a high degree of
biocompatibility of two-network DLN, with applications as protective coatings for
.nproved orthopedic devices and bionterials,surgical tools, artificial implants and
imp table electronic devices Microbiological tests have shown exceptional
ertess to different cultures and tissues. Both plastic, metallic, and combined

stomatologica n implants have been protected by DLN. In all cases, undesirable side
effes assocted with the mplantation were dramatically reduced, particularlyduring the period of adaptation.

CONCLUSIONS

Atomic scale self-stabilized amorphous composites a-(C:H, Si:O) and a-
(C:H, Si:O, Me) define a new class of materials with a unique combination of
electrical, chemical and mechanical properties. The combination of dielectric and
metallic states in the same DLN structure preserves the main properties of the
diamond-like state, while providing enhanced stability and adherence to a wide
variety of substrates.
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The combination of diamond-like aid fJectroactive properties opens entirely
new possibilities for applications, such as Schottky barrier contacts, protective
coatings for integrated circuits, anti-static prowtive coatings for hard disks, thermal
resistors for ink-jet printers, anti-corrosion coatings and protective coatings for
biomechanical implants.

Atomic scale composites can be considered as complimentary materials to
classical crystalline, amorphous and composite materials. This opens the
possibility of creating organized structures and devices in continuous amorphous
media.
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PHYSICAL DEPOSITION OF DIAMOND - TECHNOLOGY, PROPERTIES,
AND APPLICATIONS
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+ International Diamond Development Institute,

Box 2970, Natick, MA 01760
John L. Sprague Assoc, Inc.,

One Cranberry Hill, Lexington, MA 02173

Abstract

The objective is to demonstrate that Physical Deposition (PD) has significant
advantages over Chemical Vapor Deposition (CVD) and Plasma Enhanced
Chemical Vapor Deposition (PECVD). Evolution of the technology and
nomenclature will be described. We know of techniques that are able to produce
artificial diamond material in pound quantities, and at a very low cost per pound.
Growth rates are 20,000 microns/second. Low cost artificial diamond material can
then be used to fabricate larger diamond structures and to grow large area
diamond films. Basic advantages, advances, and applications of the various
Physical Deposition processes will be discussed.

A brief analysis of the evolution of artificial diamond material and hard carbon technology can
provide understanding to aid in developing future improvements and important applications. Even
more Important, it is desirable to be aware of future developments and potential developments in
order to try to avoid surprises that could have a large effect on the usefulness and
commercialization of current artificial diamond technology.

There are two major types of diamond deposition. One is produced by physical deposition and
the other is produced by chemical vapor deposition. Many different names are used for the various
processes aud forms of artificial diamond material, and this can be confusing and
counterproductive.

As was shown in 197, physical deposition has the advantage of permitting deposition of
artificial diamond on co or cold substrates, about 10 0C to 40 0 C above ambient, and even on
surfaces at liquid nitro A temperatures (1,2). This permits deposition on a wider range of
substrates, including plastics. Physical deposition can Involve combinations of various factors: high
vacuum, Inert gas, ion beam deposition, ion assisted deposition, sputtering sources, thermal
evaporation sources, e-beam evaporation sources, laser evaporation sources, plasma deposition.
Plasma processes can use dc, rf, and microwave plasma sources and diode, triode, or similar
electrode configurations.

Chemical vapor deposition involves hot substrates and therefore limits the types of substrates
that can be used. The substrates must be able to survive deposition temperatures of hundreds of
degrees up to about 1,000 oC. Chemical vapor deposition Involves combinations of various factors:
hydrocarbon gas plus extra hydrogen (to be partially converted into atomic hydrogen), surface
decomposition, plasma decomposition, microwave plasma, electron cyclotron resonance (ECR), and
hot substrates to drive out excess hydrogen. The atomic hydrogen and hot substrates result in
artificial diamond with very little hydrogen Impurities. Other gases such as fluorine, oxygen, or
chlorine in the atomic form can be used to assist or substitute for atomic hydrogen.

For cold substrates, another form of carbon results from plasma activated deposition where the
gas pressure is not low. Because of low mean free path, the ions and carbon atoms arrive at the
cool substrate with lower kinetic energy. Examples of plasma sources are magnetron sputtering
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sources, as well as dc and rf plasma sources using diode, triode, or similar electrode
configurations. Thbe plasma or sputtering gases can Include added hydrocarbon gases such as
methane or acetylene. Becane of the higher gas pressures and relatively low substrate
temperatures, much of the background gas, particularly the higher pressure hydrogen, may be
incorporated Into the resulting film. Resulting hard carbon films are sometimes called
hydrogenated carbon or amorphous carbon.

Physical deposition of diamond films using low pressure physical deposition was developed,
demonstrated, and described by Aisenberg, et al. in 1971 (3). Tis Ion beam process and the
properties of the resulting artificial diamond carbon films were independently confirmed by
Spencer and Schmldt in 1976 (4). These films were shown, by x.ray diffraction and other
measurements, to be that of diamond with nanometer crystal order, and had many other properties
similar to that of diamond. Therefore this material was Initially named diamond-like carbon
(DLQ (3,4). The diamond-like carbon material was a result of the initial work of Alsenberg, et al.
as part of a NASA contract to develop and demoastrate the use or Ion beams to fabricate thin film
field effect transistors and was described in more detail In a 1968 contract report (5).

These early carbon films were named diamond-like carbon (DLC) because although they did
not produce large crystals, it was shown by x-ray studies that they consisted of nano-crystals with
sizes of about $0 Angstroms to 100 Angstroms (3,4). They are now sometimes also called
amorphous carbon even though they had a nano-crystal structure and properties similar to
diamond.

The pioneering papers, published in 1971 (3) and In 1976 (4) described the use of physical
deposition of hard carbon films using ion beam deposition, and without the need for hydrogen
components or for hot substrates. In Ion beam deposition, carbon atoms were released into an
argon plasma by carbon sputtered from graphite electrodes. Some of the carbon was Ionized and
was extracted along with argon los into a low pressure (1E-5 Torr) deposition chamber where the
deposition substrate (at essentially room temperature) was biased negatively with a bias ranging
from -40 eV to .100 eV. The average energy of the deposited carbon material is very high and this
permits non-equilibrium processes.

The initial ion beam deposition was subsequently shown to involve ion assisted deposition (6,7).
It was able to grow artificial diamond material films at a rate of about 1 A/second or 0.36 microns
per hour (2).

Apparently the name of diamond-like carbon is now used for other forms of hard carbon with
significant amounts of hydrogen (from about 30% to 50% hydrogen.) As a result it is suggested,
based upon current terminology, that a more descriptive and appropriate name for the results of
the Initial work on physical deposition described In 1971 and 1976 shall now be termed Artificial
Diamond Material (ADM) or alternately, nano-diamond material, or nano-crystalline diamond.

The properties of the resulting carbon films were very similar to that of diamond, including
high electrical resistivity, optical clarity, and crystal structure. Other properties of the Initial
arti!.'al diamond material (including composition, dielectric constant, mechanical properties,
density, low friction, and wear resistance) were measured and reported (6) to be very similar to that
of natural diamond. Al that time, Raman spectroscopy was not considered or used.

A key feature of the Ion beam process, (responsible for the diamond like properties) Is the
associated ion assisted deposition process which was described and explained in 1973 (6) and also
In a patent issued In 1976 (7). Additional details are provided in several recent papers (8,9).
Details about related deposition technologies are also provided In 'Plasma Deposited Thin Films'
(10). The ability to deposit at low pressures is also Important since the long mean free path of the
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carbon atoms, as well as of the carbon and argon Ions, means that the carbon atoms on the surfce
are very energetic and are better able to form sp bonds. Also the energetic surface atoms and Ions
(carbon and argon) are able to remove surface Impurities such a sp 2 (gpaphitic) carbon and

surface gas atoms, preferentially leaving sp carbon. The film adhesion Is also Improved.

It Is also possible to deposit Impurity free artificial diamond material by sputtering provided
that the gas pressure Is low enough so that the sputtered atoms and associated ions have a large
mean fre path and cam retain much of their energy on the way to the substrate. A low deposition
pressure also permits the energetic carbon atoms on the surface to retain much of their energy
because there ar less gas atoms arriving at the surface to collide with and drain energy from the
energetic carbon surface atoms.

High temperature substrates are not always needed for artificial diamond material, and In fact
artificial diamond material can be deposited on cryogenic temperature substrates. The ability to
deposit artificial diamond films by low pressure sputtering and on cold substrates, at liquid
nitrogen temperatures, was demonstrated by Golyanov and Demidov and described In a 1977 US.
patent (11).

A paper by Golyanov and Grigoryev In 1974, (2) also described ion sputtering deposition of
diamond on NaCI substrates at liquid nitrogen temperature. Deposition rates of 2 A per minute
were quoted and coatings of 10 A were obtained. The objective apparently was to produce diamond
substrates suitable for use In electron microscopy. This paper can be considered as demonstrating
the physical feasibility of physical deposition on cold substrates. It remains to find ways to
Increase the deposition rates and areas for other applications. It may be diflmcult to find
applications where deposition on cryogenically cooled substrates Is uniquely beneficial and
practical.

In a 1977 US. patent, Golyanov and Demidov described a device to produce artificial diamond
coatings or films by sputtering of graphite cathodes (1). In a chamber with a base pressure of
IE-10 Torr or less, they sputtered carbon using krypton at a deposition pressure of 1E-6 Torr to
1E-5 Tort. This low deposition pressure resulted In a long mean free path and a low rate of
background gas arrival on the substrate along with the depositing carbon. This aided In the
surface formation of carbon with the desired sp diamond bonds and with less of the graphitic sp2

bonds, and without the need for a hot substrate.

In early work to Investigate various ways to increase the deposition rate by physical deposition,
Alsenberg showed In 1971 that deposition rates of over 600 A/minute (10 A/second or 3.6 microns
per hour) could be obtained by the addition of 20% CH4 to the argon gas in the plasma of the Ion
beam source (12). This method added another and larger source of carbon atoms and Increased
the deposition rate on coolosubstrates. Because of the addition of hydrocarbon gas to the plasma
source, there was probably some hydrogen Included In the resulting films. These faster deposited
films showed many of the Interesting and useful properties of the earlier hard carbon films,
including transparency, high resistivity, hardness, and good substrate adhesion.

This work can be considered as an early use of Ion assisted chemical vapor deposition (using a
plasma decomposition of a hydrocarbon gas) and on substrates close to room temperature. This
early work was not published (except In a company brochure) (12) and was not continued at that
time because the objective then was for high purity, smooth, artificial diamond films for
semiconductors and low friction, wear resistant applications.

Apparently an important factor in successfully producing artificial diamond material Is surface
carbon atoms with average energy of many electron volts. If the carbon is deposited at a rate faster
than the corresponding sura ce energy can be provided by Ion bombardment, then the ability to
form a preponderance of sp bonds Is reduced and the film quality suffers. The ability of energetic
Ion bombardment or atomic hydrogen or atomic fluorine to preferentially remove sp2 graphitic
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carbon is important In leving behind the spP diamond bonded carbon. More efficient producers of
ions, atomic hydrogen, atomic chlorine, or atomic fluorine w&I Improve the process of making
artificial diamond materials.

Continued work in Russia using physical deposition and ion assisted deposition has resulted In
processes that are faster and more practical than CVD. For example, 30 micron films have been
produced commercially at practical rates and on cool substrates (13,14). Room temperature
deposition rates of 10 micron/hour, over hundreds (about 200 to 700) of square inches have been
obtained (13,14). For deposition rates of 10 microns/hour over about 170 square Inches, the
calculated costs for I micron thick diamond films are about $0.18/square inch. This includes
equipment deprecation, labor, overhead, and materials.

Chemical Vanor Denosition
Many practical applications will require taster production of artificial diamond material and

over larger surfaces. Tlhe deposition rate and area can be increased by raising the pressure and
concentration of carbon atoms available for deposition. This led to chemical vapor deposition
which takes place at higher pressures and with very hot substrates.

A method for producing micron size crystals of carbon, without hydrogen residue, Involves very
high thermal or plasma decomposition of hydrocarbon gas, together with deposition on very hot
substrates (about 1,000 0 C). Atomic hydrogen Is apparently responsible for the removal of
graphitic up carbon and the predominance of sp3 bonded carbon, while the very hot substrate
removes the hydrogen from the resulting carbon films. The need for hot substrates may limit the
potential applications of this method.

Homoepltaxial growth of diamond on diamond, and heteroepitaxial growth of diamond single
crystal on Silicon, Molybdenum, and other substrates has been reported, Including large 50 micron
crystals (16).

Subsequent extension of the technology by Russian and Japanese researchers increased the
deposition rate significantly by the introduction of substantial amounts of hydrocarbon gases and
through the chemical vapor deposition (CVD) process. This provided a.i increased source of
carbon atoms and hydrogen. The addition of large portions of hydrogen permits the formation of
atomic hydrogen which is responsible for the preferential removal of graphitic sp 2 carbon from the
deposited carbon films.

One adverse consequence of the CVD process is that the resulting films (now commonly called
diamond-like carbon) can have large amounts of hydrogen (up to 30% to 40%), which is not a
property of true diamond. A second unfortunate consequence was that the name of dinmond-like
carbon (DLC was corrupted by being also applied to the hydrogenated hard carbon material
produced by the low temperature CVD process. A more appropriate and accurate name should
haie been Diamond-lAke HydroCarbon (DLHC) or even Hydrogenated Diamond-Like Carbon
(HDLC). This hydrogenated carbon material could also be considered as a hard polymer rather
than pure diamond material. A more serious consequence of C)VD was the reduced development
and application of physical vapor deposition since CVD appeared to have some advantages over
physical deposition.

Other gases that are reactive in the atomic form can be used In place of hydrogen. One
example is fluorine where atomic fluorine is ex ected to be more readily produced and more
reactive and effective in removing graphitic up carbon, and thus can permit lower deposition
temperatures to be used.

Atomic hydrogen is produced as part of the CVD process and uses the fact that atomic
hydrogen Is very reactive, particularly for graphite, and less reactive for diamond. This means that
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the graphitic Components in the deposited film are removed by the atomic hydrogen (under proper
conditions) while leaving behind carbon In the desired diamond form.

In the filament assisted process for deposition of CVD diamond, a hotter filament surface (at
about 2,000 °C) produces free carbon and atomic H, which then deposit on a substrate that is also
hot (about 1,U 00 'C) but is not as hot as the first filament surface. Atomic hydrogen can also be
produced by a plasma. Of particular Interest are high density, Intense plasmas produced by
microwave energy and a magnetic field, with the plasma intensity increased by operating in the
cyclotron resonance (ECR) mode.

By operating at higher density, and at close to atmospheric pressure, the rate of deposition can
be Increased by orders of magnitude. One example is the attainment of fast deposition by using an
acetylene torch or a plasma torch. Hirose et al. have described the growth of diamond at rates of
30 microns/hour or greater using a combustion flame, and Acetylene, (C2H2), and very hot
substrates (15).

Proprle
The following are some of the Important basic properties and advantages for artificial (and, in

some cases, natural) diamond. Combinations of these properties are related to various unique
applications.

Mechanical: hard, rigid, smooth, low friction, good substrate adhesion
Thermal: high thermal conductivity, (5 x copper)
Electrical: high resistivity, high dielectric constant, high breakdown

voltage, semiconducting with high energy gap (5.1 eV),
capability of high power density, high packing lensity
permitting short signal propagation dis' *es and higher
speed.

Optical: transparent from uv to ir, high index of retraction
Chemical: resistant to acids, bases, and solvents

Physical vapor deposited materials have better properties of adhesion, smoothness, and
uniformity, and particularly pinhole free films.

Anplnlctlons
There are a number of factors to be considered when determining the suitability for commercial

applications of production processes and the resulting artificial diamond material: do the processes
work?, are they practical?, do they need major Investment for development?, do they need expensive
equipment for production?, are there better processes?, are the resulting products needed?, and
finally, Is there a large enough market? One should also consider the patent situation and
ownership of the technology.

Strong adhesion to substrates, hardness, strength, thermal stability, and other properties of
physically deposited r.rtifieha diamond coatings suggest novel uses. Potential applicaions and
products benefiting from the special properties of artificial diamond material and diamond-like
carbon Include: cutting tools, grinding tools, low friction bearing surfaces, sliding parts, wear
resistant surfamles, diamond heat sinks, diamond semiconductors, light emitting diodes, laser
diodes, high power transistors, Integrated circuits, radome coatings, window coatings, bulk diamond
radomes, bulk diamond windows, thin x-ray windows, thin supports for x-ray lithography, coatings
on magnetic disks, coatings on optical and magnetic heads, protective coatings on gems, tarnish
resistant coatings on silver and Jewelry, high power laser mirrors and windows, and durable mold
release coatings.
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The various types of diamond films have different crystal sizes: Nano-diamonds (10A-100A and
sub-micron), Micro-diamonds (microns), or Macro-diamonds (millimeter sizes). Each type has
different surface roughness and this has an effect on suitable applications. For example,
micro-diamond and macro-diamond films are not suitable for bearing or sliding surfaces unless
expensive polishing steps are used to produce smooth surfaces after the deposition. Physical
deposition producing nano-diamonds has an advtage for mechanical applications because of
better adhesion, better smoothness, and low temperature deposition. Physical deposition of
nano-diamond films can provide important protection of optical components.

The most important opportunities for diamond film materials will be potentially In electronics,
particularly If one realises that when properly used, single crystals are not a requirement. Whis is a
controversial statement, but should be seriously considered. For example, poly-crystalline or
amorphous silicon Is successfully used for electronic devices.

Electronic applications will include diamond ceramic substrates for heat sinks, for thermal
control, and for diamond semiconductors and diamond Integrated circuits. Special semiconductor
capabilities include high power dissipation, high temperature, high device density, short
propagation distances, and radiation resistance.

Practical Bfviments
The following factors Involved in the fabrication of artificial diamond material will have an

important effect on the practicality of various applications: diamond properties, fast deposition
rates, large deposition areas, good substrate adhesion, acceptable substrate temperature, suitable
substrate texture, diamond deposition texture, low or no graphitic Impurities, doping with desired
additives, and low hydrogen content. Diamond with 30% to 50% hydrogen content Is really a hard
hydrocarbon.

Physical deposition with proper equipment can provide fast deposition, large area coverage,
good adhesion, smooth surfaces, and can wok on low temperature substrates. CVD will provide
fast deposition, limited area coverage, rough surfaces, poorer adhesion, and requires substrates
that can take high temperatures.

The costs should be acceptable for the application. Costs are determined by the following
factors: electricity, gses, capital equipment depreciation, maintenance, labor, overhead, and finally
yield of suitable material. Based upon personal experience, commercial costs for ECR (Electron
Cyclotron Resonance) deposition is $63.00/square inch and 1 micron thickness. Our analysis of
cost suitability for commercial applications Indicates a current cost of about $5.00 per device, while
the commercial market will need a cost of about S cents per device.

Future Technol
While CVD of synthetic diamond material Is the technology most often used today, especially In

the U.S, other approaches such as PD and explosive techniques have definite advantages,
depending upon the end applications. There are apparently technical advances by U.S.A. and
International workers that open up new opportunities not known to many others.

Pinhole free, artificial diamond films ranging In thickness from 200 A to 10 microns thickness
have been deposited at room temperature on almost any vacuum suitable material and with good
film adhesion. Samples can be provided and also in high volume production. (14) For commercial
applications, areas of square meters can now be coated by physical deposition (14).

Based upon Insight and experience Involving the physics and technology of artificial diamond
materials, the technology can be extended Into many new and surprising practical applications.
Practical applications require the ability to grow diamond rapidly, and over large areas. In
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addition, the ability to prow the diamond material on relatively cool substrates will permit
application Involving substrates that ca not survive very high temperatures.

We know of techniques that are ahie to produce artificial diamond material In pound
quantities, and at a very low coat per pound (14). Growth rates are 20,000 microns/second. (14,17)
ths low cost diamond material can then be used to fabricate low cost, larger diamond structures
(such as radomes and windows) and large area diamond films.

Recent analysis of the past and current technology of artificial diamond has resulted In
improvements that could go far beyond the present state of the art. The emphasis should Include
practical applications of artificial diamond material. Growth from the liquid phase may be
technically feasible and advantageous. Various approaches can lead to important applications and
production efficiency that will advance and possibly obsolete much of the current development and
application work.

Consideration of the fadsmeatal physical processes Involved In successful production of
artificial diamond shows that son.equilibrium process are Important. Ion beam, ion assisted
deposition Is one example. Removai of graphitic carbon by atomic hydrogen Involves
non.equllibrium atoms. Another non-tqullibrium process can be used to make pounds of diamond
powder, quicdy and at a remarkably low cost (17). Additional processes will permit these low cost
powders to then be fabricated Into relatively large bulk diamond structures at costs much lower
than for other processes we are aware of. Conversion Into single crystal diamonds using simple
techniques are being considered. Non.equilibrium process permits the attainment of high
pressures and temperatures (20 gigapascals and 4000 K) and protects diamond from conversion to
graphite.

By extensions of these technologies It Is possible to explosively and inexpensively apply diamond
coating to a wide range of substrates.

Some of the priority applications for the low cost diamond powder and low cost explosive
physical deposition Include artificial diamond radomes, windows, commercial low cost heat sink
substrates and low cost cutting tools. Further away are new advances producing very low cost
diamond semiconductors, diamond Integrated circuits, diamond electron emitters, and diamond
optical sources.

Unconventional Impurity-free electron and hole doping techniques as well as 'soft' annealing of
diamond films are being Investigated.

sum=
Some of the newer Physical Deposition techniques have advantages and capabilities that can

lead to Improvements over the Chemical Vapor Deposition processes that are currently being
extensively employed. Thee new and lower cost techniques can lead more quickly to Important and
practical applications.
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VISIBLE LIGHT EMISSION FROM DIAMOND

Alan T Collins

Wheatstone Physics Laboratory, King's College London,
Strand, London WC2R 2LS, United Kingdom.

Luminescence is a valuable tool in the purely scientific
study of the properties of diamonds. It is also important in
characterising the defects present in a given sample, and in
the selecting of specimens for specific applications. In
this paper the major processes for producing visible light
emission - photoluminescence, cathodoluminescence, X-ray
excited luminescence and electroluminescence - are reviewed.
The natures of the vibronic centres responsible ftr the

blue, green, yellow and red photoluminescence are examined,
and the excitation of diamond by an electron beam (to
produce cathodoluminescence) is discussed. Problems with the

donor-acceptor pair model, conventionally used to interpret
the broad blue and green emission bands in cathodo-
luminescence, are outlined and the fundamental differences

between photoluminescence and cathodoluminescence are
presented. Various applications are considered and the view
is re-stated that diamond light-emitting diodes are unlikely
to be successful.

I Introduction
The luminescence from diamond has been studied extensively for more

than forty years. Much of the early work was carried out using

ultraviolet radiation (1), X-rays (2), etc. to excite the luminescence.
The use of a focused electron beam (of typical energy 50 keV) to
stimulate luminescence in diamond was pioneered at King's College
London in the late 1950's using first a converted electron microscope
(3) and later custom-built cathodoluminescence equipment. Today
scanning electron microscopes with a cathodoluminescence facility are
routinely available, and lasers are frequently used to generate photo-

luminescence (sometimes as an unwanted effect in Raman measurements;
see, for example, reference (4)). More than 100 luminescence centres
have been documented for diamond, spanning the spectral range from 230
nm (5.3 eV) for the "edge emission" (5) in the ultraviolet to around
1000 nm (1.2 eV) for the "H2" vibronic band (6) in the near infrared.
Most of the known optical centres are listed either by Davies (7) or in
the forthcoming review by Clark et al (8). Many of the emission bands
lie in the visible spectral region 400 to 700 nm (3.10 to 1.78 eV), and
will be considered later in this article.
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2. Defects in diamond
Before discussing the luminescence bands, we need to consider

briefly the defects which are present in diamond. The perfect diamond
crystal absorbs strongly at energies above 5.5 eV (< 225 nm)
corresponding to the indirect energy gap, and has weak vibrational
absorption in the two- and three-phonon combination bands between about
4000 and 1500 cm- 1 (2.5 to 6.7 pm), but there are no absorption or
luminescence bands in the visible spectral region. No crystal, of
course, is perfect and the deviation .,om perfection results in the
optical systems so common in diamond. The defects may be chemical or
structural, or a combination of both, and are briefly considered below.

2.1 Nitrogen
Nitrogen is by far the most common impurity in diamond, occurring

in concentrations up to about 0.25% in some natural stones. A recent
description of nitrogen in diamond has been given by Woods (9), and
some of the essential points are briefly reiterated here. In type Ia
diamond the majority of the nitrogen is present in either the A form
(a nearest-neighbour pair of substitutional nitrogen atoms) or the B
form (four nitrogen atoms on substitutional sites symmetrically
surrounding a vacancy). In type Ib diamond the nitrogen is present on
isolated substitutional sites. Very few natural diamonds are of this
type, but all commercial synthetic diamonds (produced by high-pressure
synthesis) are type Ib, containing around 200 ppm of nitrogen. The
different forms, and concentrations, of nitrogen may be determined from
the impurity-activated one-phonon absorption, most of which lies
between 1350 and 800 cm-1 (7.5 to 12.5 pm). Nitrogen is also the
dominant impurity in type IIa diamonds, although it is present in too
low a concentration to be detected by infrared absorption. It is also
difficult to measure the one-phonon absorption for thin films of
diamond grown by chemical vapour deposition (CVD), but the evidence
discussed below shows that when this material contains nitrogen most of
it is on isolated substitutional sites.

The isolated nitrogen and the A nitrogen both have donor-like
properties with ionisation energies around 1.7 and 4.0 eV respectively
(10), but there is no evidence that the B nitrogen behaves as a donor.

2.2 Boron
When boron is the major impurity in diamond the material is

slightly semiconducting. The properties of semiconducting (type IIb)
diamond have been reviewed by Collins and Lightowlers (10), and
discussed again more recently in the context of electronic and opto-
electronic devices (11). Natural semiconducting diamond is rare, and
typically has an uncompensated boron concentration of 5 x 1016 cm-3 .

Semiconducting synthetic or CVD diamond may readily be made by doping
with boron (and excluding nitrogen), and much higher acceptor
concentrations can be obtained than in natural diamond. The acceptor
ionisation energy is 0.37 eV and only around 0.2% of the acceptors in a
typical natural specimen are ionised at room temperature.
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2.3 Radiation damage products
When diamond is subjected to radiation damage by, for example,

high-energy electrons or fast neutrons, some of the carbon atoms are
displaced into interstitial positions, leaving a vacancy. For annealing
temperatures above about 550*C the vacancy becomes mobile, and can be
trapped at other defects in the crystal. This gives rise to a number of
optical centres having absorption and luminescence bands in the v'-ible
region. Centres which are formed at lower annealing temperatures are
presumed to involve the interstitial.

2.4 Ion implantation
Most of the luminescence centres produced by irradiation with

high-energy electrons or fast neutrons are also generated by ion
implantation. However, some ions (e.g. Ni, Zn, Ag, Tl, Si) produce, in
addition, unique luminescence bands (12).

2.5 Dislocations
Optical centres may form in the vicinity of slip lines, stacking

faults and growth planes. In some cases the optical centres are the
same as those produced by radiation damage and annealing (13), and can
be understood simply in terms of the trapping of vacancies and
interstitials. In other cases the slip lines, or extended defects such
as platelets (discussed in reference 9) appear to be "decorated" and
give rise to characteristic emission bands (14).

3 Excitation of luminescence
With the exception of the "band A" luminescence to be discussed

below in section 4.1, all of the different luminescence bands are
associated with vibronic centres. These centres have their ground and
excited energy levels situated somewhere in the forbidden energy gap
between the valence band and the conduction band (figure a). The
absorption process produces a sharp zero-phonon line and a band at
higher energy (shorter wavelength) as shown in figure Ib; in
luminescence a sharp zero-phonon line and a band at lower energy are
observed (figure Ic).

3.1 Photoluminescence
The photoluminescence process is the simplest to visualise. (We

shall assume here that the photons used for excitation have an energy
less than the bandgap of diamond, so that no electron-hole pairs are
produced.) The optical centre is excited using a wavelength lying in
the absorption band (see figure Ib); after a short time the centre
relaxes to the ground state, emitting light in the luminescence
sideband. Many of the absorption bands in natural diamond extend into
the ultraviolet spectral region, and excitation with a mercury "black
lamp" (365 nm) produces blue, green, yellow or red luminescence in
suitable specimens.
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If the diamond contains a large number of centres that emit visible
light they will all be excited to some extent using ultraviolet illumi-
nation. However, within certain limitations, the longer wavelength
bands can be excited selectively. Suppose we have two optical centres I
and 2 with absorption spectra as shown in figure 2. Excitation at
wavelength A will excite both centres and luminescence will be observed
from each; excitation at wavelength B, however, will only excite system
2. If in a diamond the concentration of centre 2 is very much less than
that of centre I, then if both systems are excited the luminescence
from centre 2 will be completely obscured by that from centre 1. By
adjusting the exciting wavelength the luminescence from centre 2 can be
preferentially excited, and its spectrum may be studied.

It is clear that, in order to produce strong luminescence, an
appreciable fraction of the exciting radiation must be absorbed;
therefore a sufficient concentration of the relevant optical centre
must be present to produce that absorption. However, weak luminescence
does not necessarily mean that the concentration of corresponding
defects is low. As the A nitrogen concentration in a diamond is
increased the luminescence from the H3 and N3 centres (see below) is
quenched because of a non-radiative transfer of energy to the A
nitrogen (15). As we shall see, most of the optical centres in diamond
involve nitrogen, and so the photoluminescence may be weak both at very
low and at very high nitrogen concentrations.

When a laser is used to excite photoluminescence the Raman
scattered line is also present in the spectrum. Since the
photoluminescence and Raman scattering intensities depend upon the
volume of the crystal excited, as well as the intensity of the exciting
light, the ratio of the phecoluminescence intensity to the first-order
Raman scatteriig intensity measured in the same spectrum provides a
useful semi-quantitative technique for comparing the emission spectra
from different samples and after various treatments (16).

3.2 Cathodcluminescence
Electron-beam excitation is simply a very convenient method of

producing a high concentration of electron-hole pairs. The generation
rate of a typical 50 kV beam, at a current density of 0.01 A/cm 2 , is
about 2 x I023 electron-hole pairs per cm3 per second in a region of
the diamond about 9 to 18 pm below the surface. Cathodoluminescence is
a "near-surface" technique; the emitting region at V kilovolts is
located (0.007 to 0.014) x V 1.82 5 pm below the surface (17). Electrons
and holes may recombine in a variety of different ways. In very pure
diamond- the electron and hole recombine directly to give the free-
exciton "edge emission" (5); in diamonds containing both nitrogen and
boron the broad "band A" emission (see below) has been identified as
donor-acceptor pair recombination (18), and problems with this model
are discussed later. In addition many (but not all) vibronic centres
may capture at exciton and subsequently de-excite producing
luminescence. The luminescence decay time of many optical centres in
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diamond is very short (typically 10 to 50 ns) and so even very small
concentrations of such defects can produce bright cathodoluminescence.
By way of illustration, if we assume that 10% of the electron-hole
pairs at the above generation rate recombine by capture at a
luminescence centre with a decay time of 20 ns, the concentration of
centres required is only 3 x 1014 cm- 3 . This is quite different to the
situation with photoluminescence where, if the defect concentration is
small, the amount of exciting light absorbed is small and the
luminescence is weak.

In many diamonds non-radiative traps are present, and, in addition,
the same comments about quenching of the luminescence by A nitrogen
apply as for photoluminescence. In general, therefore, the brightest
cathodoluminescence is obtained from relatively pure diamonds.

3.3 Hard ultraviolet and X-ray excited luminescence
Electron-hole pairs may also be produced in diamond by the

absorption of electromagnetic radiation with energy greater than the
band-gap of 5.5 eV (wavelengths less than 225 nm) (I). Laboratory
sources of continuous radiation in this wavelength region (a deuterium
arc, for example) are rather feeble, and lasers such as the ArF excimer
laser at 193 nm can only be operated in the pulsed mode at a low
repetition frequency. Very little spectroscopic work has therefore been
carried out using these methods of excitation. At X-ray wavelengths
diamond is relatively transparent, and, with a sufficiently intense
source, luminescence (associated with the recombination of electron-
hole pairs) is produced throughout the bulk of the diamond (2). Some
diamonds emit an intense luminescence when placed in a synchrotron beam
at wavelengths chosen for X-ray topography (19), and measurements with
interference filters (20) have shown that the emission spectrum with
the diamond at room-temperature is similar to that seen in
cathodoluminescence. Once again, very few detailed spectroscopic
measurements have been made for diamonds excited by X-rays.

3.4 Electroluminescence
At sufficiently high electric fields the carbon-carbon bond in

diamond may be ruptured, producing electron-hole pairs. In
semiconducting diamond this field may be produced at a Schottky
barrier, and blue electroluminescence was first observed in such
diamonds more than 30 years ago (21). High voltages applied to contacts
deposited on insulating diamonds may also generate blue or green light,
and Prior and Champion (22) showed that the bandshape of the spectral
emission is the same as that observed in cathodoluminescence. More
recently blue or green emission has been observed from forward and
reverse biased Schottky diodes on boron-doped CVD layers (23, 24) and
again the electroluminescence and cathodoluminescence spectra have been
shown to very similar (23). The intensity of the light produced by
electroluminescence is relatively low, and very few detailed
spectroscopic investigations have been carried out.

412



4. Luminescence spectra
After dealing with band A emission (14.1) the major luminescence

spectra are discussed below in order of increasing wavelength. Because
of space limitations in this review very few spectra will be shown, and
the original references will need to be consulted. Note that most
authors do not correct their spectra for the wavelength-dependent
response of their system, so detailed comparisons of spectral shapes
are not always possible. The zero-phonon lines of all the optical
centres in diamond are much sharper at 77K than at room temperature
(7), and in only a few cases is any further sharpening observed on
cooling to 4.2K. It is important to realise that the energy of the
zero-phonon line also changes with temperature, and the standard values
are tabulated at 77K (7, 8); some spectra in the literature, however,
have been recorded at room-temperature.

4.1 Band A
Band A is the most commonly observed cathodoluminescence emission

from diamond. Figure 3 shows typical spectra observed from natural type
Ia and lib diamonds, and from a synthetic type lib diamond. The
emission from the latter is green, whilst that from the natural
diamonds is two different shades of blue. Dean (18) suggested that the
spectra could be interpreted in terms of donor-acceptor pair
recombination. If a donor centre and acceptor centre are in close
proximity, the extra electron on the donor occupies the hole on the
acceptor. When electron-hole pairs are generated in the sample the
donor captures an electron, the acceptor captures a hole and then this
electron and hole recc t.ne releasing energy E (in eV) given by

E = Eg - (EA + ED) + e/(4Trer) - A/r 6  (1)

where Eg is the energy gap, EA and ED are the acceptor and donor
ionisation energies, e is the permittivity, r is the separation of the
donor and acceptor and A is a constant. Dean argued that random strain
in the diamond would broaden the discrete lines expected from equation
I into a band and that in natural diamond clcze-separation pairs pre-
dominate, resulting in blue luminescence, whilst in synthetic diamonds
the pairs are more diffuse and the emission occurs in the green.

When Dean proposed this model it was believed that there was only
one possible donor with an ionisation energy of 4 eV, and indeed the
low energy limit (as r +-W in equation I) of the band A emission in
synthetic diamond seemed consistent with this. However, we now believe
that the donor ionisation in synthetic diamond is about 1.7 eV which
should result in a donor-acceptor pair band in the ultraviolet region
(10). Furthermore the model does not account for the differences
between natural type Ia and type 11a diamonds evident in figure 3.

Data on CVD diamond cast further doubt on the above model; it was
proposed (18) that the much longer growth time of natural diamond
(compared with synthetic diamond) favoured close separation pairs.
However both green and blue luminescence are observed from CVD diamond
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films grown under identical conditions, apart from accidental boron
contamination in the case of green luminescence (25). What is more,
blue cathodoluminescence is observed from the small 1ll growth
sectors of synthetic diamond in which the nitrogen content is low (26).

In natural type IIb diamond (27), and in undoped CVD diamond films
(23), the blue luminescence clearly originates from dislocations, and
it has been assumed, on the basis of Dean's model, that these
dislocations are decorated with donor-acceptor pairs (27). This con-
clusion may not be valid, however. Finally we note in this section that
for facetted CVD particles both the blue and the Rreen luminescence are
much stronger from the {100} faces than from the {Ill faces (25).

At present there is no theory which accounts adequately for ail of
the phenomena described, and it is probably better to use the
description "band A", rather than "donor-acceptor pair recombination".

4.2 The 3.188 eV system

The 3.188 eV (388.8 nm) system is observed in the cathodo-
luminescence spectra of most diamonds following radiation damage and
annealing (28), and the vibronic band extends into the visible region.
Many as-grown films of CVD diamond exhibit some 3.188 eV luminescence,
and in the study by Collins et al (29) it was much stronger in the
relatively poor quality specimens grown at high methane concentrations.
Isotope substitution studies (28) have shown that the optical centre

involves a carbon interstitial and a single nitrogen atom. Observation
of this system in the spectra from CVD diamond provides unmistakeable
evidence that the material contains some nitrogen.

4.3 The N3 system
The N3 system, with a zero-phonon line at 415.2 nm (2.985 eV) is

one of the most studied vibronic bands in diamond and is responsible
for the blue emission observed in samples excited by a mercury "black
lamp". The N3 centre is believed to be three nearest-neighbour nitrogen
atoms on a {111} plane "bonded" to a common vacancy (30). The intensity
of the N3 absorption band is correlated with the intensity of the
"platelet" peak at 1365 cm- 1 (7.3 pm), but there is no correlation with
the concentration of A or B nitrogen (9, 31). High concentrations of A
nitrogen quench the luminescence, so that many diamonds that have a
substantial N3 absorption may nevertheless exhibit no blue lumi-
nescence. In cathodoluminescence some type IIa diamonds and many type
IaB diamonds (those type Ia diamonds containing mostly B nitrogen) show
an N3 luminescence band superimposed on the blue band A emission.

4.4 The H3 and H4 systems
The H3 and H4 systems with zero-phonon lines at 503.2 and 496.0 nm

(2.463 and 2.499 eV) are produced in type Ia diamond by radiation
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damage followed by annealing at temperatures above about 550*C (32).
Davies and Summersgill (33) have shown that the H3 and H4 centres are

due to a vacancy trapped at the A form and the B form cf nitrogen,
respectively. In diamonds with relatively low concentrations of A
nitrogen (so that there is no quenching of the luminescence) these
centres produce bright green luminescence when the diamonds are

illuminated with long wave ultraviolet (365 nm). The H3 centre (and,
very rarely the H4 centre) occurs naturally in some diamonds (34).

Both centres exhibit strong cathodoluminescence which can be much

brighter than the blue band A in the same diamond. There is a sharp
line at 537.8 nm (2.305 eV) superimposed on the H3 band, and correlated
in intensity with it, which is absent from the photoluminescence
spectrum; the reason for this is not known.

Many synthetic diamonds exhibit intense H3 cathodoluminescence from
the {100} faces only, and Dodge (35) has put forward a model to explain
how small concentrations of H3 centres can be grown-in during
synthesis. The concentration of H3 centres is, however, far too small
to detect any photoluminescence with 365 nm excitation (36).

4.5 The 484 nm system
When cooled to 77K synthetic diamonds grown using a nickel-based

solvent-catalyst emit an intense green cathodoluminescence from the
{Il1} faces, particularly in specimens with a low nitrogen concen-
tration (37). The emission band has a complex zero-phonon multiplet at
484 nm (2.56 eV). The system can also be observed using photolumines-
cence, but only if the exciting wavelength is shorter than 400 nm;
unlike most vibronic bands, there does not appear to be any absorption
immediately to the short-wavelength side of the zero-phonon line (38).
For both photoluminescence and cathodoluminescence the emission is
quenched as the temperature is increased above about 200K (38).

4.6 The 2.721 eV system
Some as-mined gem-quality diamonds, colour-graded as "brown"

exhibit a bright yellow luminescence when excited with 365 nm
ultraviolet radiation (39). This is produced by a vibronic band with a
zero-phonon line at 2.721 eV (455.5 nm) and a maximum near 2.3 eV (540
nm). Such diamonds invariably have a featureless absorption band with a
maximum near 2.6 eV (477 nm) and excitation of the diamond with light
lying in this band (using, for example the 488 nm line from an Ar ion
laser) produces red luminescence (39) in a broad band with a mavimum
near 1.8 eV (690 nm). The nature of the defects giving rise to Liese

luminescence bands is not known.

In cathodoluminescence both the yellow and the red bands are
excited, together with blue band A and a multitude of zero-phonon lines
(40). Under certain excitation conditions the emission therefore

appears almost white.
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4.7 The 575 nm system
Following radiation damage and annealing most diamonds exhibit some

cathodoluminescence in a system with a zero-phonon line at 574.9 nm
(2.156 eV). The emission is strongest in type Ib diamonds which
generate an intense pink or orange luminescence. Plastic deformation of
type Ib diamond also produces this emission system (41), and it is
frequently observed in CVD diamond (29). In nitrogen-doped thermal-CVD
diamond, and some material produced by the oxy-acetylene flame
technique, the 575 nm system is the most intense in cathodoluminescence
spectra. Collins and Lawson (42) have reviewed the information
available on the 575 nm optical centre, and conclude that it is
comprised of a single nitrogen atom and a vacancy.

The 575 nm centre is readily excited using photoluminescence, and
is responsible for the pink emission observed from some natural
diamonds with long-wave ultraviolet illumination. The zero-phonon line
responds relatively rapidly to stress, and the width of the line can be
used to estimate the random stress present in a given sample. Collins
and Robertson (43) proposed that the the stress S in GPa can be
estimated from the linewidth W in meV using the expression S - W/10
(this is equivalent to S = w/2.7 where w is the linewidth in nm).

4.8 The 1.945 eV system
The major absorption band produced by radiation damage of type Ib

diamond, followed by annealing at 800°C, has a zero-phonon line at
1.945 eV (637.2 nm). The 1.945 eV centre has been shown to be a vacancy
trapped at a single substitutional nitrogen atom (44). This is one of
the major centres in diamond which does not exhibit cathodoluminescence

(another is the H2 centre (6)); the reasons for this are not
understood.

The 1.945 eV system has been observed in photoluminescence spectra
from as-grown CVD diamond produced by the oxy-acetylene flame technique
(45), again indicating that this material contains significant
concentrations of nitrogen. The width of the zero-phonon line may also
be used to estimate the random stress in a given sample (16) using
(with the notation from 64.7) S - W/O or S - w/3.3.

5 Applications
In this paper we have reviewed the major optical centres in diamond

that give rise to visible light emission. Currently accepted models for
these centres have been discussed, where they have been established.
Many other luminescence systems in the visible region have been

documented (7, 8) but either occur very rarely, or make only a minor
contribution to the total light emitted.

Visible luminescence generated by X-rays is, and in the forseeable
future will remain, a major technique for sorting diamonds at the mines
(see reference 46, for example). We have discussed in this paper that
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photoluminescence and cathodoluminescence techniques are proving

extremely valuable in characterising defects in natural, synthetic and

CVD diamond; in particular, the the widths of zero-phonon lines can be
used to estimate the random stresses present in CVD films grown by

various processes. As an example, figure 4 shows the cathodolumines-

cence spectrum from the centre of a specimen grown by the oxy-acetylene

flame technique; the luminescence is an intense blue and is predomi-
nantLy due to band A. There are, however, a number of sharp lines for
which there is no explanation at present. Near the outside of the
sample the luminescence is pink, and is dominated by the 575 nm system
showing that significant concentrations of nitrogen are present; in
this region the linewidths are much larger, and other "unknown" emis-
sion bands appear. Clearly there is still much to learn about flame-
grown diamond, and luminescence spectroscopy has a vital role to play.
[This sample was grown by Kathy Doverspike and kindly made available by
Jim Butler, both of the Naval Research Laboratory, Washington DC.]

The growth bands in natural diamond are often clearly revealed by
cathodoluminescence, and Nishimura (47) has shown that the performance

of single-point turning tools is greatly increased if these regions are
avoided near the cutting tip of the tool.

We have drawn attention to the fact that blue and green light have

been produced at Schottky barriers on semiconducting samples of
natural, synthetic and CVD diamond. However, diamond is an indirect-gap

semiconductor, so that the conversion of electrical power to visible
light is inefficient; furthermore it is difficult to generate a high
concent-ation of electron-hole pairs at a Schottky barrier (ll).
Light-emitting devices oased on diamond therefore seem unlikely at the
present time.
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ABSTRACT

In undoped CVD diamonds formed by plasma CVD using CO/H2, the free
exciton recombination radiation equivalent to that of natural type IlIb
diamond has been observed by cathodoluminescence. It indicates extremely
high crystallinity and purity of the CVD diamonds. The luminescence
Intensity correlates with the amount of boron doped in the crystals. The
bound exciton is a measure for the acceptor concentration in semiconducting
diamonds.

INTRODUCTION
Excitonic recombination radiation has considerable information concerning

crystallinity, impurities, defects, etc. in semiconducting materials. However, in diamonds,
a few reports on the edge emissions due to free excitons and bound excitons have been
reported (1-4). Studies based on impurity controlled CVD samples have been limited
(3,4). In this study, we have intensively studied the relation between free exciton and
bound exciton recombir.ations in undoped and boron-doped CVD diamonds using
cathodoluminescence (CL) at liquid nitrogen temperature. The locations of emission
regions have been also studied in different emission energies using a monochromatic CL
imaging technique.

EXPERIMENTAL

Diamond particles and polycrystalline films were formed by microwave plasma CVD
using CO(5%)/H 2 or CO(15%)/H2 on Si. The substrate temperatures were between 850-
900*C. Boron was doped into the diamonds during the depositions using B2H6 diluted
with H2. The boron/carbon (B/C) ratios during the depositions were 50-104 ppm. The
electrical conductivities of the films were measured by the 4 point probe method. The
boron concentration was measured by secondary ion mass spectroscopy (SIMS). CL was
obtained using a scanning electron microscope with an accelerating voltage of 20 kV and a
probe current of 5 x 10-7 A. The sample temperature during the observations varied from
0 K to 200 K.

INDIRECT EXCITON RECOMBINATIONS IN DIAMOND

Diamond is a wide band-gap semiconductor having the band-gap of 5.5 eV at room
temperature. The band structure is very similar to that of Si in the sense that the optical
transition dominantly occurs through the indirect transitions from the A line near the X
point of the conduction band to the r point of the valence band. In natural type lib
(semiconducting) diamonds, the same type of recombination radiation of free excitons and
bound excitons as that of Si has been observed (1). A free exciton (Fig. 1(a)) is an electron
and hole which forms due to coulombic attraction. An ionized or neutral acceptor attracts a
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free exciton to form a bound exciton (Fig. I(b) or (c)). In the case of indirect transitions,
the absorption or emission of phonons is inevitable to preserve momentum conservation.
To illustrate indirect recombination radiation of excitons with the emission of multiple
phonons, schematic band structures of diamond superimposed with the dispersion curves
of phonons are shown in Fig. 2(a) and (b). In the one phonon process, the energy of
emitted photon is

hv = Eg - Ex - Ep

where EP is the energy of phonon emitted to satisfy the momentum conservation, Ex is the
binding energy of exciton, and Eg is the band gap. A transition also occurs with the
emission of one or more optical phonons at k=0 (r point) in addition to the momentum
conserving phonon, although the transition probability becomes lower. The photon
emission energy is

hv = Eg -Ex - Ep - nEop
where Eop is the energy of the k=0 optical phonon and n is the number of optical phonons
emitted per transition. The peak obtained in the one phonon process is replicated at several
low photon energies (5).

NATURAL TYPE Ib AND UNDOPED CVD DIAMOND PARTICLES

The photon emission spectrum of a natural type lib diamond is shown in Fig. 3 (a).
The emission energies of peaks Al and Bi are 5.30 eV and 5.27 eV respectively.
According to Eq. 1, they are interpreted to be due to free exciton recombination radiation
with the emissions of transverse acoustic (TA) and transverse optical (TO) phonons to
conserve the crystal mome..tum. 'the free exciton binding energy is 0.08 eV (1). Peaks
B2 and B3 arc phonon replicas of peak B 1 based on the emission process shown in Eq. 2.
Peak D1 (5.21 eV) is explained by the bound exciton recombination radiation with the
emission of one momentum conserving phonon (TO phonon in this case). The emission
process is the same as that of the free exciton. It is also accompanied by phonon replicas
such as peak D2. The difference of the emission energies between BI and D1 (0.06 eV) is
the binding energy f a free exciton and an acceptor.

In the undoped CVD diamond particle, the intrinsic components due to the free exciton
have been observed. The peak positions and half widths of the spectrum shown in
Fig. 3(b) are the same as those of natural type Ilb in Fig. 3 (a). The spectrum is from an
isolated 5 gm diameter particle. This type of spectrum is reproducibly observed in isolated
particles formed by CO/H2, which is effective in suppressing non-diamond phase
formation (6). The extrinsic components due to bound excitons have not been found,
because the samples are not intentionally doped.

The area of the free exciton recombination radiation has been visualized by a
monochromatic CL image. The difference in luminescent sectors is distinct in large
particles from by CO(15%)/H2 . Fig. 4 (a) and (b) show an SEM image of a 40 j.m particle
and the corresponding monochromatic CL image of the 5.27 eV + 0.01 eV signal. The
emissions are primarily from the three (100} sectors and with a minor contribution from
the four {111) sectors. In general, free exciton recombination radiation is very sensitive to
impurities or defects introduced during the growth stage. The nonradiative centers decrease
the ine 111) sectors formed with
CO(15%)/H 2.
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BORON-DOPED POLYCRYSTALLINE CVD DIAMOND FILMS
SIMS-measurements reveal that the amount of boron in the polycrystalline films has a

linear relationship with the B/C doping ratios during the depositions. For example, boron
concentrations of 3x10 17 cm-3 and 3x10 19 cm "3 have been obtained from the doping ratios
of B/C = 102 ppm and 104 ppm, respectively. The effects of doping from B/C = 50 ppm
to 103 ppm shown in the CL spectra of Fig. 5. In addition to the intrinsic components,
extrinsic components due to bound excitons are prominently observed. The intensity of the
main peak D1, increases as the doping ratio increases. On the other hand, the intensity of
BI is almost constant to 103 ppm. The Bl and D1 peaks represent the characteristics of the
intrinsic and extrinsic components, i.e., the behavior of free excitons and bound excitons.
Thus we shall designate BI and D1 a. tWO and BEMO, respectively.

In Fig. 6, BET/FETM ratios in boron doped diamonds are correlated with the B/C
ratios during the depositions. The BE-OFETO ratio increases linearly with the B/C ratio to
103 ppm and almost saturates above that. The electrical conductivities at room temperature
have a linear relationship with the B/C ratios, as shown in Fig. 7. It indicates that the
acceptor concentrations have a linear relationship with the doping ratios. Thus, the
BETn/FETO ratios obtained from low temperature photoluminescence (7).

The saturation of BETO/FETO above B/C - 103 ppm indicates that there is a change in
the environment of excitons bound to acceptors. The CL spectra of boron-doped CVD
diamonds with the B/C ratios of 103 - 104 ppm are shown in Fig. 8. As the dopant
increases, a shoulder emerges at the low energy side of the BETM (peak D1). In B/C = 104
ppm, an apparent peak at 5.15 eV is observed. The same tendency has been reported in
phosphorous-doped or boron-doped silicon where BETO moves to lower energies as the
amount of the impurities increases. The phenomenon has been explained by the presence
of the excitons bound to two donors or two acceptors located nearby (8). Another
interpretation for the 5.15 eV peak is that a direct transition from the bottom of the
conduction band (k - 0.8.2na- 1(100) to the acceptor (k - 0) (1). The probability of the
process is negligible when the acceptor level is very shallow such as boron in silicon,
because an indirect process is inevitable to preserve momentum conservation. However it
becomes dominant in deep acceptors like indium in silicon. Although the origin of the peak
at 5.15 eV is not identified at present, it is certain that it is strongly correlated with dense
acceptors in CVD diamonds.

In order to study the situation of excitons bound to acceptors, the temperature
dependence of BETo/FETO has been in Fig. 9. Since the intensity of FETO is almost
constant from 80 K to 140 K in the boron doped samples, BETo/FETO simply reflects the
variation of BETO. The degree of the temperature dependence in the B/C = 50 ppm is
estimated by an activation energy of 25 meV. This value is about three times higher than
that in the B/C = 5 x 103 ppm. The steep slope implies that bound excitons are dissociated
to be free excitons as temperature increases. The high concentration of acceptors prevents
these excitons from being free, since free excitons are easily attracted to other acceptors
before they recombine. Thus, the BETO/FETO ratio in heavily-doped samples is not
temperature-dependent.
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Fig. 4. (a) SE Image of an undoped CVD diamond particle formed with
CO(lS%)/H2.
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signal at 90 K.
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SPATIALLY AND SPECTRALLY RESOLVED CATHODOLUMINESCENCE
MEASURMENTS OF CVD-GROiIN DIAMOND PARTICLES AND FILMS

Lawrence H, Robins, Edward N. Farabaugh, and Albert Feldman
National Institute of Standards and Technology, Gaithersburg, MD 20899

ABSTRACT

Spatially and spettrally resolved cathodoluminescence
(CL) was used to investiqate the spatial distribution of
luminescence centers in CVD-grown diamond particles and
polycrystalline films. For single particles grown at a low
substrate temperature (nominally 650 C), one of the two
most intense CL bands, the 2.156 eV band, was found to be
associated with (il) facets. The CL image of the other
intense band, the 2.85 eV band, showed considerable
particle-to-particle variation among the same particles.
The images of the 2.156 eV and 2.85 eV CL bands were found
to have a complementary relationship for some particles. A
model of competing recombination centers is proposed to help
explain these results. Cross-sectional measurements of the
CL spectra of polycrystalline films on silicon showed that
the intensity of a silicon-impurity-related CL band
decreases with increasing distance from the film-substrate
interface. This depth variation is interpreted as due to a
silicon impurity concentration gradient.

3. INTRODUCTION

Luminescence spectroscopy is a useful mettnod for defect
characterization in diamond (1). Point defects (e.g., single-atom
vacancy) and impurity atoms (e.g., nitrogen) are believed to be the
primary constituents of the luminescence centers in diamond.
Cathodoluminescence (CL) can be excited with high efficiency in diamond
by a keV-range electron beam (2). Utilization of a scanning election
microscope (SEM) as the excitation source for CL allows the spatial
distribution of the emission to be mapped with high resolution (3).

Results are presented here of a spatially and spectrally resolved
CL study of diamond particles and polycrystalline films grown by
hot-filament CVD. The CL from these specimens was found to consist of
at least four distinct bands. Spectrally resolved images of the two
most intense bands, at 2.156 eV and 2.85 eV, were obtained from diamond
single particles grown at a nominal deposition temperature of 600* C,
For these particles, the 2.156 eV band is associated with (111) facets,
while the 2.85 eV band is associated in some cases with (100) facets and
in other cases with (111) facets. In particles grown at a higher
temperature, both bands are associated with (100) facets. These results
are discussed in the context of a model of competing recombination
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centers. Spatially resolved CL of diamond films on silicon substrates,
viewed in cross-section, showed that the intensity of a
silicon-impurity-related CL band decreases with increasing distance from
the substrate. This behavior is attributed to a silicon impurity
concentration gradient,

We previously presented CL imaging and spectroscopy results for
CVD-grown diamond films and particles (4). In the previous work, only
particles grown at a deposition temperature of 750" C were examined; in
these particles, the CL arose primarily from (100) facets at all
wavelengths. Other researchers have obtained similar CL imaging results
for films grown by microwave-plasma CVD (5).

2, EXPERIMENTAL PROCEDURE

The diamond particles were grown in a tube-furnace hot-filament
CVD reactor which has been described previously (6); the polycrystalline
films were grown in a bell-jar hot filament CVD reactor. The following
conditions were used for all depositions: gas mixture, 0,5% methane and
99.5% hydrogen, gas flow rate, 52 standard cm3/min;' pressure, 5xl03 Pa;
filament temperature, 1800' C; substrate, (100) oriented silicon, The
particles were grown on as-received substrates which had a low density
of diamond nucleation sites; the films were grown on diamond-polished
substrates which had a higher diamond nucleation density. Particle
depositions were carried out at nominal substrate temperatures of 600 ° C
and 750* C; the films were deposited at 750" C. Because of filament
heating, the true growth temperature is probably higher than the nominal
temperature measured by a thermocouple placed beneath the substrate.

The experimental apparatus for CL imaging and spectroscopy in the
SEM has been described previously (4), The electron-beam voltage for
the CL measurements was 20 kV, and the electron-beam current was -10-8
A. CL images with a spatial resolution of -0.5 pm were recorded by a
photomultiplier tube (PMT) with a wavelength range of 200 to 850 nm.
Optical bandpass filters, with center wavelengths from 400 nm to 850 nm
and full widths at half maximum of 40 nm, were used to obtain spectrally
resolved CL images, CL spectra were measured by a 0.34 meter grating
spectrograph that utilizes an intensified-photodiode-array multichannel
detector and covers a wavelength range of 200 to 900 nm.

3. EXPERIMENTAL RESULTS

A typical CL spectrum from a particle deposited at 600* C, shown
in Fig, 1, contains four distinguishable components, which are indicated
in Fig. 1 by arrows. Three components give rise to sharp zero-phonon
lines, at 1.68 eV, 2.156 eV, and 2.325 eV, as well as lower-energy
phonon sidebands. The intense phonon sidebands of the 2.156 eV line are
due to coupling to 0.045 eV and 0.085 eV acoustic phonons and to the
0.165 eV longitudinal optical phonon (7). The fourth component is a
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broad, structureless band with maximum intensity at -2.85 eV.

The structures of the luminescence centers that give rise to these
components have been tentatively identified by comparison to spectra
reported in the literature (4). The 1.68 eV band is attributed to a

center that contains a silicon impurity atom (8), The 2.156 eV and

2.325 eV bands are attributed to nitrogen-vacancy centers (centers that
contain both a nitrogen atom and an atomic vacancy) with distinct
structures (7),(9). The broad 2.85 eV band is attributed to a
dislocation-related center, which may be either a donor-acceptor pair or
an intrinsic state associated with dislocations (10).

The two most intense CL components, the 2.156 eV and 2.85 eV
bands, can be selected by bandpass filters with center wavelengths of
600 nm and 450 nm respectively. The photon energy ranges of these
filters are indicated by dashed lines in Fig, 1. For conciseness,
spectrally resolved CL images obtained with the 600 nm and 450 nm
filters will be referred to respectively as 600 runm and 450 nm images.

Spectrally resolved CL images and secondary-electron (SE) images
of two particles grown at 600" C are shown in Fig. 2. One particle,
shown in Fig. 2(a), has a cubo-octahedral form, and the other, shown in
Fig. 2(b) has a pseudo-five-fold twinned form. The CL images appear
blurred, compared to the SE images, because of electron beam spreading.
According to semi-empirical models of electron scattering in solids, the
penetration range of 20 keV electrons in diamond is -2.8 pm, and the
depth of greatest energy dissipation is -1.4 pm (3),(11). The particles
shown in Fig. 2 are -20 pm in diameter; the CL is thus excited in the
near-surface regions of these particles,

In the 600 nm image of the particle shown in Fig. 2(a), bright
regions are associated with the centers or edges of triangular (111)
facets, and dark regions are associated with the centers of square or
octagonal (100) facets. In the 450 nm image, bright regions are
associated with the centers of (100) facets. The two CL images shown in
Fig, 2(a) are thus approximately complementary; bright regions in one
image are correlated with dark regions in the other.

The 600 nm images of the two particles shown in Fig. 2 are
similar; in both particles, bright regions are associated with (111)
facets and dark regions are associated with (100) facets. Bright
regions in the 450 nm image of the particle shown in Fig. 2(b) are,
however, associated with (111) facets, in contrast to Fig. 2(a). The
two spectrally resolved CL images in Fig. 2(b) are neither complementary
nor identical to each other.

We have examined spectrally resolved CL images of other particles
from the 600* C deposition, with results similar to those shown in Fig.
2; bright regions in the 600 nm images are always associated with (111)
facets, while the location of bright regions in the 450 r images varies
from particle to particle. The variation of the 450 nm images does not
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appear to be correlated in a consistent manner with the variation of the
crystal growth habit (cubo-octahedral or five-fold twinned).

For particles deposited at 750* C, bright regions in both the 600
nm and 450 nm images are associated with (100) facets, and the two
spectrally resolved images are very similar to each other. These
results are in agreement with the results of previous studies by the
present authors and by other researchers (4), (5),

The depth dependence of the CL in a continuous polycrystalline
diamond film on a silicon substrate was investigated by breaking the
specimen after deposition and examining it in cross-section. Two
spatially resolved CL spectra, taken from near the top surface and the
film-substrate interface of such a specimen, are shown in Fig. 3. These
spectra are seen to contain the same features as the particle spectrum
shown in Fig. 1. The primary difference between the two spectra is the
relative intensity of the 1.68 eV band, which is several times greater
in the spectrum taken near the film-substrate interface.

A number of spectra were taken from the cross-sectioned specimen
to examine the depth dependence of the 1.68 eV band in more detail. In
Fig. 4, two quantities are plotted as a function of distance from the
film-substrate interface: the intensity ratio of the 1.68 band to the CL
background in the same spectral region (which may arise from the
low-energy tail of the 2.156 eV band), and the intensity of the CL
background. The relative intensity of the 1.68 eV band decreases
rapidly with increasing distance from the film-substrate interface, and
is greatest when the electron beam is focussed on the substrate side of
the interface, Because of its large penetration depth and lateral
spreading, the electron beam can excite the diamond film when it is
focussed on the silicon substrate near the interface (11).

4. DISCUSSION

We have developed a simple recombination model that can be used to
relate the image contrast in the spectrally resolved CL images (Fig. 2)
to the spatial distributions of the CL centers (12). The key
assumptions are as follows. the initial step in the excitation of CL is
electron-hole pair creation by the primary electron beam; several types
of CL centers and non-radiative recombination centers compete for
excitation by the free electron-hole pairs; the numbers of excited
centers of each type are directly proportional to the number of free
electron-hole pairs. The following equation may then be written for the
CL intensity from centers of a particular type, labelled type (a).

IcL(a) - [ ,.BaNa / (E(BiNi) + Z(bnj))] G.h (1)

where N represents the concentration of CL centers of a particular type;
B represents the rate for excitation of CL centers by electron-hole
pairs; the subscript i represents a summation over all CL centers; n,b,
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and j are the analogous quantities to N, B, and i for non-radiative
centers; q. is the luminescence efficiency of centers of type (a); and
G.h is the electron-hole pair generation rate, It is assumed that the
concentrations N and n may vary from location to location within the
specimen, but the other quantities in Eq. (1) are constant.

If there are only two dominant types of CL centers, labelled (a)
and (b), and no non-radiative centers, then Eq. (1) simplifies to:

ICL(a) - [%B.Na / (B.Na + BbNb)] Geh (2)

and a similar equation can be written for the type (b) centers, The sum
of IcL(a) and IcL(b), weighted by the inverse quantum efficiencies, is
then equal to Gih. In a region where IcL(a) is higher than average,
IcL(b) is correspondingly lower. This argument implies that the images
of the two dominant CL bands will be complementary to each other. The
complementary relationship of the 2.156 eV and 2.85 eV CL bands observed
for some particles [e.g, Fig. 2(a)] is explained by this case.

Suppose next that there are two dominant types of CL centers, but
non-radiative centers are also present. Eq. (1) then has the form:

IcL(a) - [%aB.Na / (BaN a + BNb + E(bjn,))] G.h (5)

In this case, the sum of ICL(a) and ICL(b) is not constant, and the two
images do not necessarily have a complementary relationship, According
to the model, in specimens where the images of the two dominant CL bands
are not complementary, non-radiative recombination must have a
significant influence on the CL images. This appears to be the case for
some of the particles grown at 600" C (e.g., Fig. 2(b)], and for all of
the particles grown at 750" C. (Recall that the images of the two
dominant CL bands are very similar for the latter).

According to Eq. (1), the ratio of the CL intensities from two
types of centers, ICL(a)/ICL(b), is proportional to the ratio of
concentrations, NA/Nb. The intensity ratio of the 1.68 eV band to the
tail of the 2.156 eV band, plotted in Fig. 4, should thus represent the
concentration ratio of 1.68 eV centers to 2.156 eV centers. Because the
1.68 eV centers are believed to contain silicon impurity atoms, the
depth dependence shown in Fig. 4 may be due to a decrease in the
concentration of silicon atoms with increasing distance from the silicon
substrate. Such a silicon impurity concentration gradient might be due
to diffusive transport of silicon atoms from the substrate into the film
during the deposition process.

5, CONCLUSION

Spatially and spectrally resolved cathodoluminescence (CL) was
used to investigate the spatial distribution of luminescence centers in
CVD-grown diamond particles and polycrystalline films. For single
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particles grown at a low substrate temperature (nominally 650" C), one
of the two most intense CL bands, the 2.156 eV band, was found to be
associated with (111) facets. The CL image of the other intense band,
the 2.85 eV band, showed considerable particle-to-particle variation
among the same particles. The images of the 2.156 eV and 2.85 eV CL
bands were found to have a complementary relationship for some
particles. A model of competing recombination centers is proposed to
help explain these results, Cross-sectional measurements of the CL
spectra of polycrystalline films on silicon showed that the intensity of
a sil'con-impurity-related CL band decreases with increasing distance
from the film-substrate interface. This depth variation is interpreted
as due to a silicon impurity concentration gradient,
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Fig. 2, Secondary-electron (SE) and spectrally resolved CL images of
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LATTICE VIBRATIONAL MODES AND DEFECT-ACTIVATED

IR ABSORPTIONS IN CVD DIAMOND

C. Klein, T. Hartnett, R. Miller, and C. Robinson
Raytheon Research Division. Lexington. MA 02173

Chemically vapor-deposited (CVD) diamonds are polycrystalline and
defect-rich, which destroys the translational symmetry of the lattice and
activates first-order infrared absorptions. The work described in this
paper takes advantage of this situation for the purpose of (a) detecting
and locating the critical-point phonons of diamond, (b) obtaining
meaningful information on residual impurities, and (c) searching for
evidence regarding postulated diamond-polytype structures, This effort
has been quite successful and should provide valuable data for assessing
the performance of CVD diamond as an optical material for the 8- to
12- urn spectral region.

Diamond crystals have thermal, mechanical, and optical properties that are

highly attractive for infrared (IR) applications involving severe environmental

conditions. The selection rules for 3C cubic material imply that single-phonon

processes are IR inactive and, therefore, that perfect diamond should be transparent

at wavelengths beyond 7.5 um. Chemically vapor-deposited (CVD) diamond artifacts,

however, are polycrystalline and defect-rich, which destroys the translational

symmetry of the lattice and may activate first-order IR absorptions, as initially

reported by Smith and Hardy(1). The purpose of the work described in this paper

was to take advantage of this situation in the sense that the breakdown of selection

rules in CVD diamond may allow us to detect and identify the critical-point phonons

in a straightforward manner; this task relies on the availability of a set of dispersion

curves deduced from inelastic neutron scattering experiments(2) and benefits from the

superior accuracy of optical measurements. By using Fourier-transform infrared

{FTIR) techniques, we have obtained detailed and reproducible absorption spectra that

also provide meaningful indications on residual impurities in our deposits. Since

relatively little has been published on IR properties of CVD diamond(3), the present

paper may throw some light on the ultimate optical performance of this material and

assist the reader in assessing its merit for operation in the 8- to 12- um spectral

band.
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Our diamonds were grown on polished molybdenum and polished silicon

substrates by means of microwave-plasma as well as hot-filament assisted methane-

hydrogen chemical vapor depositions at 9000C. The free-standing 200- to 400- um

thick specimens examined in this study are of outstanding crystalline quality as

demonstrated by Raman spectroscopy. First-order Raman spectra display a sharp
intense line at approximately 1332.5 cm"1 with no evidence of additional features:

the full width at half maximum varies with the morphology but tends towards a 3-
cm "limit" and, thus, to approach widths that are comparable to those of natural

dlamonds(4). Infrared absorption snectra as recorded in this paper reflect the results

of evaluating "absorbances" defined as A =_ InIT0IT). where T 'is the measured

transmittance and To  refers to an ad hoc baseline "fit". The measured
transmittances are as obtained on an FTIR Bomen Inc. spectrometer operating at a

resolution of 4 cm'l, the instrument control computer collecting and co-adding up to

one hundred scans per rin. An appropriate polynomial approximation provides the

baseline fit, which serves the purpose of eliminating low-spatial-frequency

contributions originating from processes such as scatter and, therefore, enhances the

absorption features of interest here.

Figure 1 displays the IR absorption spectrum of an in-house produced
microwave-plasma CVD diamond specimen grown on a molybdenum substrate. The

frequency range extends from 500 to 4000 wavenumbers thus covering the one-, the

two-, and the three-phonon regimes of diamond. It is immediately seen that 1a) the

two-phonon processes dominate and generate the same pattern as described by Hardy

and Smith(5); (b) the three-phonon region shows evidence of molecular absorption

bands near 2900 cm"1, which can be attributed to C-H stretch vibrations6), and (c)

there are weak absorption features at frequencies below that of the Raman phonon.

in accord with some recent observations by Thomas and Joseph on type-Ila

diamond(7). These single-phonon absorptions are the features we wish to discuss in

this paper. In effect, the traces recorded in Figs. 2., 3, and 4 clearly demonstrate

that the base-line fitting procedure yields a surprisingly rich structure, which can be

interpreted in the light of existing information about the lattice dynamics of

diamond(2) and about IR features associated with imparities, defects, and disorder(8).
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At this point, it should be emphasized that, below 1000 wavenumbers. the signal-to-

noise ratio deteriorates (see Fig. 21 owing to the degraded instrumental response as
well as the reduced density of states at low frequencies. our best results are as

illustrated in Fig. 4. which refers to hot-filament material deposited on silicon and.

theretore(3), may show features originating from a non-diamond phase that consists

of polytypic SiC with axial acoustic, planar optical. and axial optical modes as listed

in Ref. 9.

If one uses the neutron-scattering phonon-dispersion data(2) for guidance. a

careful examination of our CVD-diamond absorbance traces yields the positions of the

critical-point phonons with much improved accuracy (see Table 1). This applies not

only to the high-symmetry points X, L, and W, but also to point K. which is

remarkable considering that only three of the six X-direction branches have density-

of-state "singularities" typical of critical points. With regard to first- and second-

order Raman-scatter experiments as interpreted in Ref. 4, we note the excellent

agreement in terms of centc of-the-zone phonons; at the zone boundary. however.

there are some discrepancies (see Table 1) that will require further attention and. in

particular, a reevaluation of assignments in the two-phonon region(10). But first, it

should be of interest to evaluate Brout's sum at all the Brillouin-zone points for

which we now have what appears to be accurate phonon energies (see Table 2).

Evidently, the sums are not independent of the wavevector, which confirms that,

indeed, Brout's sum rule does not apply to diamond thus suggesting the presence of

non-electromagnetic, forces in this material(ll1. Still, we find that Brout's equation

as modified by Mitra and Marshall(12),

6
1 1 (q) = 16Tro/(xu),

yields 1.9x1029 Hz2 upon inserting proper numbers for the internuclear distance ro ,
the bulk compressibility X, and the residual mass u, which agrees quite well with
the experimental result at point r.

With regard to impurity-activated IR absorptions. it has been recognized (see
Table 3) that at least four major species of nitrogen-related imperfections
Isubstitutional. A center. B center, and platelets) can generate lattice as well o
localized modes in type-I diamond(13). In Figs 2 and 3, we demonstrate that CVD)

437

4

J. | a



material exhibits a similar but weaker impurity-band pattern, which has interesting
inplications from the point of view of the "defect genealogy" in diamond(8) and
correlates well with cathodoluminescence-based observations(14). We have also seen
traces of substitutional boron in all our specimens; there are, however, no indications
of C-H bending modes(6), judging from the absence of a sharp absorption line at
1405 cm"1 (see Fig. 1).

For the sake of completeness, we are also including here relevant segments of
the absorption spectrum of a CVD-diamond specimen prepared at The Pennsylvania
State University (Fig. 5) and the transmission spectrum of a purchased Drukker
type-Ila diamond (Fig. 6). At wavelengths below 10 um. the single-phonon features
identified in Tables 1 and 3 are clearly apparent, which strongly suggests that the
breakdown of selection rules occurs even in high-quality natural diamond. We note.
however, that while the o(r) line appears to be very weak in Fig. 6. a strong
absorption emerges at 1310 cm', which points to an IR-active vibrational mode of
the 21R diamond polytype(151, similarly. the doublet we observe at 662/669 cm"1 in
CVD diamond (see Fig. 4) may well signal an IR-active mode (2A2u) of the
postulated 8H diamond structure, thus providing positive evidence to support the
recent predictions of Spear, Phelps, and White(15).
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Table 1. Critical-Point Phonon Frequencies (in cm
- 1

of Diamond

Symmetry Phonon "Neutron" "Raman" This

Point Branch(a) Ref. (2) Ref. (4) Work

r '2 (O)/A5 (O) N/A 133Z.5±.5 1332.5±1

x 6'2 (O)/A 1 (A) 1184±21 1185±5 1191±3

a5 (0) 1072±26 1069±5 1072±2

65(A) 807±32 807±5 829±2

L A1 (O) 1242±37 1252+5 1256±4

A3 (O) 1210±37 1206±5 1220±2

A1 (A) 1035±32 1006+5 1042±2

A3 (A) 552±16 563±5 553±2

E1 (O) 1232±27 (b )  1230±5 1239±2

12(0 )  1110±21 (b )  1109±5 1111±1

E3 (O) 1046±21 1045±5 1033±2

1(A) 1020±11 (b )  988±5 1019±3

E3(W 972±16 98u: 978±1

14 (A) 765±21 N/A 764±4

W Z(U) N/A 1119±5 1146±1

Z(M) 993±53 999±5 992±3

Z(L) 919±11 908±5 918±12
(c )

(a) The notations are as in Ref. 2.

(b) Interpolated using Newton's method.

(c) Very weak featurj and not always discernible.
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Table 2. Experimentally Derived Brout Sums at

High-Symmetry Points of the Brillouin Zone

Symmetry Point Brout sum (1029 Hz2

r 1.89

X 2.31

L 2.22

K 2.28

W 2.23

Table 3. Impurity/Defect Related Absorption Features
in the 1000 to 1400 cm-1 Wavenumber Range

Impurity/Defect(a) Recorded Positions(b )  This Work

substitutional N -1130 1124±1
-1350 1358±2

A center .1215 1204+3

.1282 1282±2

B center .1010 1010±2

-1175 1175±4

A and B centers -1100 1099±3

platelets -1370 1373±4

substitutional B _1298 (c) 1300±2

(a) See Refs. 8 and 13.

(b) Prominent features are underlined.
(c) At room temperature (see Fig. 13 of Ref. 8).
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THERMAL CONDUCTIVITY OF NATURAL TYPE HA DIAMOND
BETWEEN 500K AND 1250K

J.W. Vandersande, C.B. Vining and A. Zoltan
Jet Propulsion Laboratory/California Institute of Technology

Pasadena, CA 91109

ABSTRACT

The thermal conductivity of a natural type Ha diamond was measured between
500K and 1250K using the flash diffusivity method. This is the first time that the
thermal conductivity of natural diamond has been measured above 450K. The
results provide a baseline for comparison to the recently obtained results on
isotopically pure diamond. Also, it provides a goal for the thermal conductivity of
diamond films which are now routinely being fabricated and have numerous
possible high temperature applications.

INTRODUCTION

The thermal conductivity of diamond has taken on increased significance with
the high value very recently obtained on isotopically pure diamond (1). Also, the
discovery of the synthesis of diamond films by means of chemical vapor deposition
(CVD) at low pressures (2) has made numerous high temperature applications for
diamond films now possible. A good baseline is thus needed to determine the
improvement in conductivity of the isotopically pure diamond compared to the best
natural diamonds (type Ila) and to be able to compare the thermal conductivity of
the films with that of the best natural diamonds to assess their quality. However,
the thermal conductivity of diamond has been measured only up to 450K and then
on different samples, over a variety of temperature ranges, using different
measurement techniques. There is scatter in these data and some disagreement
between different measurement techniques. The accurate measurement of the
thermal conductivity of a natural type Ha diamond (the best heat conducting type
natural diamond) over a wide temperature range is thus badly needed to provide the
needed baseline. Data above 450K would then provide, at least initially, an upper
limit or goal for the thermal conductivity of diamond films at high temperatures.
The values could be used to calculate the potential benefit of the use of diamond
films at high temperatures for numerous applications.

The thermal conductivity of isotopically pure diamond at room temperature (the
only sample measured to date) was found to be 33 W/cm-K(l) compared to 22-
25W/cm-K found for thre single crystal type Ila diamonds (3, 4). This increase in
thermal conductivity appears to be around 50 percent, which would indeed be a
significant improvement. There appears to be uncertainty as to the exact cause of
this improvement. Whereas Anthony et al. (1) suggested it was the removal of the
one percent 13 C from their sample, standard thermal conductivity theory predicts
less than a 5 percent improvement as a result of eliminating the one percent 13C
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isotope (5). The cause of the improvement could be due to different mechanisms.
Natural type Ia diamonds, although generally whitish, do have numerous
impurities and defects (especially dislocations). A reduction in the concentration of
these impurities and defects could easily result in a natural diamond with a
considerably higher thermal conductivity. The Anthony et. al. (1) result was
compared to the Berman et al. (3, 4) results. The latter, very likely, were samples
that came from brownish rather than white type la stones (6) since the diamond
supplier (DeBeers Corp.) usually kept, and still keeps, the large pure whites for
jewelry purposes.

The thermal conductivity of several diamond films have been measured up to
300K (7, 8). At that temperature, the thermal conductivities of three films were
found to be between 5 and 10 W/cm-K which compares to between 22 and 25
W/cm-K for natural type Ha diamond. These lower values are most likely due to
the polycrystalline nature (very small grains) of the films.

The thermal conductivity of diamond has up until now not been measured above
450K due to the lack of a proper measuring technique and lack of sufficiently large
samples. Both these obstacles were overcome by obtaining a large type Ia stone
and by using the flash diffusivity method on diamond for the first time. The results
are presented here.

EXPERIMENTAL

The natural diamond measured was determined to be a type Ha based on the UV
absorption spectrum. The color was white but according to the supplier (DeBeers
Corp.) it came from a slightly brownish stone (not quite good enough for gem
stone purposes). The dimensions of the sample were 8.04mm by 8.84mm by
2.35mm thick.

The thermal diffusivity was determined by the flash method in an apparatus
described elsewhere (9, 10). Briefly, a xenon flash lamp applies a heat pulse to one
side of the sample, by means of a sapphire light pipe, while an InSb infrared
detector measures the temperature rise of the rear surface of the sample. The output
of the detector is fed through a Textronic differential amplifier into a Nicolet digital
storage scope which displays the rear-face sample temperature rise (in mV) versus
time (in ms). A flash lamp has several advantaget over a laser. The main ones are
that it is inexpensive, is capable of higher power levels, and has a very reproducible
flash intensity. The main disadvantage is a larger finite pulse time but corrections to
that have been developed (11).

The sample was coated (sputtered) all over with a few micrometer thick layer of
tantalum on top of which was sputtered a few micrometer thick layer of graphite, to
ensure that no light from the flashlamp would pass directly through the sample.
The double layer was needed to prevent light being transmitted through the sample.
The tantalum layer by itself reflected too much light while the graphite by itself
allowed some transmission. The diffusivity was measured both through the short
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direction (2.35mm) and the long direction (8.04 cm) of the sample. The latter
required minor redesign of the sample holder and fixtures to minimize the amount
of flash lamp light entering the detector.

The high thermal diffusivity of diamond means that the heat pulse can propagate
through the sample in only a few milliseconds around room temperature. Since the
flash lamp pulse itself lasts about 4.61 msec, proper account must be taken for this
effect. Both the exact solution to the heat pulse problem as well as an approximate
solution have been given previously (11). The approximate solution is quite
accurate for usual purposes, but the very short pulse times of this sample raised a
question about the reliability of the approximate method in this case.

This concern was addressed in two ways. First, the full solution of the
equations for the temperature of the backface was performed numerically to
calculate the thermal diffusivity and heat loss from the time to half maximum (ti/2)
and the time to maximum (tmax). Results calculated in this way were lower than
calculated using the approximate expressions given previously. The difference
between the two calculations is negligible (less then 1%) for the 'long' data, as
expected since the half-times are long enough in this case to make the approximate
solution quite reliable.

For the 'short' data, the approximate solution was about 3% high at 1000 C,
12% high at 500 C, 23% high at 400 C and rapidly getting worse as the temperature
decreases further. Because of this the exact solution was used in the 'short' data
case. Data below 400 C were rejected because the corrections were too large to be
reliable.

The second check on the heat pulse corrections was done by recording the full
temperature vs. time history of the backface for several data points, rather than
simply tl/2 and t max., There are still only two adjustable parameters, the
diffusivity and the heat loss, so it is a good test of the theory to see how well the
full time dependence of the backface temperature can be accounted for by the
theory. The diffusivity calculated using the fit of the full curve agrees with the
diffusivity calculated using only tl/2 and tmax to better than 1%. This indicates that
the theory works.

The analysis used assumes the heat pulse travels down the sample in one
direction only and also assumes that heat is lost only from the front and back faces.
In the usual case, and for the diamond in the short direction, this appears to be an
excellent assumption. Unfortunately, for the diamond in the long orientation, heat
losses from the edges are no longer small compared to heat loss from the front and
back faces, simply because most of the sample surface is now edge. From the
analysis of the tl/2 and tmax data for the long direction it is estimated that the total
heat loss correction is very small up to about 1000 C. Above this temperature, heat
loss corrections are no longer negligible. Unfortunately, the analysis neglects edge
heat loss from the edges. In this case, the problem becomes a strongly two-
dimensional heat flow problem with a non-trivial geometry. Thus, the long results
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above about 1000 K are probably somewhat higher than the actual diffusivity of
diamond.

The thermal conductivity was calculated from the measured diffusivity,
measured density (3.5 gm/cm3) and the published specific heat (12).

RESULTS AND DISCUSSION

The experimental results (both "short" and "long" direction data) are shown in
figure 1. The Berman et al. (3, 4) data on three type Ila diamonds and the
Burgermeister data (13) on one type Ha diamond are also shown. Several aspects
are worth noting. First, the data reported here is a reasonable extension to high
temperatures of the previously published data. However, upon closer examination
there is an interesting difference. Figure 2 shows both the "short" direction and
"long" direction data expanded. The best fit lines through each one is drawn and
extended down to 300K. There clearly is a difference in slope (T1 .13 for the
"long" direction and T1 .54 for the "short" direction). Also, the slope through the
"long" data extends back up to Berman et. al. data at 300K while the slope through
the "short" data extends back to around where the Anthony et. al. data point is for
the isotopically pure diamond. As was discussed in the experimental section, the
"long" data above 1000 K is probably slightly high due to the heat losses associated
with the more complex geometry. At lower temperatures(below 600 K), "long"
data was noisy due to the lower sensitivity of the detector at these lower
temperatures. There is thus a larger error bar on that data but it is definitely
systematically lower (possibly due to the operator systematically reading the noisier
data). Based on these two considerations it would be tempting to consider the
"short" data to be more accurate and, hence, the correct thermal conductivity. If it
is, then it would appear that the Anthony et. al. data on isotopically pure diamond is
about the same as the thermal conductivity of a purer (white or less brownish) type
Ia diamond.

The thermal conductivity should vary as T-1 at the highest temperatures (above
the Debye Temperature of around 2000K) since phonon-phonon interactions
dominate the phonon scattering at these temperatures. The "long" data with a slope
of -1.13 is closer to this -1 value than the "short" data with a slope of -1.54. No
compelling case can thus be made for either the "short" or the "long" data. To
resolve this impasse, the sample has been sent to Cornell University where the
thermal conductivity will be measured between 200K and 400K. Those results will
be reported shortly.

Figure 3 shows the results reported here, the Berman et. al. data on the best
type Ila diamond as well as published data on two diamond films (7, 8). This high
temperature data will be an upper limit for diamond films until high purity single
crystal films can be synthesized. The data also indicates that thermal conductivity
of the films shown in figure 3 probably peaks at around 300K and then would
probably drop sharply with increasing temperature in order to stay below the high
temperature data reported here. The data reported here can be used to calculate the
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best current performance of the numerous possible high temperature applications of

diamond films.

SUMMARY

The thermal conductivity of a natural type Ila diamond was measured between
500 and 1250K. This is the first time that the thermal conductivity of natural
diamond has been measured above 450K. The measurement was performed
through both the "short" and "long" direction of the sample. Although the data
from these two measurements agree well between 700 and 1000K. there were two
distinct slopes through the two sets of data points. An extension of the lower slope
(TI.13) data down to 300K agreed with the Berman et. al. data while an extension
of the higher slope (T1.54 ) data agreed well with the Anthony et. al. data on
isotopically pure diamond. The thermal conductivity of the diamond wiln be
measured at Cornell University using the 30 method between 200 and 400K in
order to resolve the difference. That data will be published shortly. The reported
thermal conductivity can be used as a goal value for the thermal conductivity of
diamond films and hence be used to calculate performance of devices using
diamond films at high temperatures.
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THE ROLE OF ELASTIC INTERACTION OF PHONONS IN DIAMOND

V.I.Napsha, V.R.Grinberg, Yu..A.Klyusv, N.A.Kolchemanov,
A. M.Nalatov

State Institute of Diamond Research (VNIIALMAZ)
129118 Moscow, Silyarovsky st. 65 (USSR)

It is shown, that the dependence of synthe-
tic diamonds thermal conductivity from isotope
13C contents can be explained if one taken Into
account elastic phonon-phonon interactions at
which the total quasi-impulse is preserved (N-
processes). In diamonds with reduced 6C con-
tents the effects of Poissuille phonon flow and
the second sound can be revealed.

In case, when one cannot neglect the processes -of
three-phonons interactions with the conservation of the
total quasi-impulse (N-processes) the dielectric thermal
conductivity 2e in Debye approximation can be expressed as
follows (I)i

ae -ae +z8 1

where k Tk1 J *4e x

k 0Sk 3 3 )(4 eWe. i) x
Here k and are Boltzman and 0Plank constants, 9- pebys
temperature, v is the mean velocity of phonons, x-ft, D/kT
(10is phonon frequency), Ttis the relaxation rate for N-
processes, TR is the relaxation rate with the quasi-
impulse alteration including the three-phonon interactions
(U-processes) and 'tc is the combined relaxation rate

UsIng expression 1. and selecting the values of parame-
tres in the expression for relaxation rates .f or N-proces-se (riAT~x (4), and U-processes t1.wAvT~x'exp(-o(/T)
(4,5), one can describe the experimental thermal conducti-
vity depandence in perfect synthetic diamonds from the
concentration of 13 C isotopes at 300 K, which was obtained
in paper (2) (Fig.1), and also the results of measurement
ge in defactless natural diamonds at 320 and 450 K from
paper (3). In the last case cnl.1%, which corresponds to
the natural spread of ISC isotope.
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This testifies, that N-processes are pf great impor-
tance. Moreover, Ziman's limit is well practicable when
one supposes ZN«'k- Consequently, the consideration of
related hydrodynamic effects in the phonons system is cor-
rect.

It is known, that if the phonon free length in N-pro-
cesses ,-mvN is much less, than in processes with quasi-
impulse alteration Lt-vt& , and .N<<D (whe@-; 0 is tne cha-
racteristic sample size), then the effective scattering at
boundaries U = D2/tK and Poiseuille phonon flow occurs. It
leads to the thermal conductivity growth in D/N times in
comparison with the widespread situation when thl Jhojon
free length is limited by the sample size D and a 6.
AS a matter of fact for Poiseuille flow the condition 1 <<1
i, insufficient and the more strict relation 1 I >>D is
necessary to be fulfilled (3-5).

For taking into account Poissuille flow' in T (Tt
TjI ) we used in the expression 1. instead of T6 the fol-

lowing expression:

To 10,2.

which in the required limit cases T>>D/v and 'T<<D/v
gives for the values .6 and Dl/?w correspondingly.gie that at t<T'R from 1. it follows the above men-
tionoo criterion tNR>>D for Poiseuille flow. In the
narrow region at ? 1 .D the expression 2. gives the overes-
timated 4 ,but not mdre-than two times greater.

On Fig.2 the results of calculation -for diamonds
with c-0 and 0.07% are presented. One can see, that for
isotopically pure diamonds Poiseuille flow can be dis-
played in the temperature range from 15 to 120 K. At T>15K
the thermal conductivity increases with temperature
steeper than T 3 and at Tz70 K exceeds the thermal conduc-
tivity of purest natural diamonds by two orders of magni-
tude. This effect must be also displayed in diamonds with
c0-.07% which is described in paper (2). But in this case
the maximum thermal conductivity reduces by one order of
magnitude.

If the role of N-processes is so great then it will be
correct to consider the possibility of oscillations Apread
in the phonon gas that is the second sound having the ve-
locity v/V'.

The conditions for the existance and observation of
the second sound in solids were disqussed ii papers (6-8)
and they reduce to the demands t<<tp and /tAr>>1 (A is
the wavelength of sound). At these conditAons the sound
dissipation is proportional to the value U i(?W/)+(C/f&.

From this we can find the value X Xrm, at which the value
is in It is easy to shcjw that Y Ht and
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By averaging the expression for m and To for phonons
reqencies we can tm> and <dR> and consequently

On Fig.3 the calculated values <t#>, <Zk>, )m/<Af> and
m /Im are indicated for isotopically pure diamond with

the sample cross section D-l0mm. The optimum conditions
for the second suund existance cor-espond to temperature
range 30-70 K at frequency frmn(1-7)70 6 HZ.

The examined experimental results can be also satisfac-
_orily described using th1 expression for the relaxation
rates in the form T 4 -A T x and TiuAjrTY xxp(-oC/T). In
this case the hydrodynamic effects are not so strong as
was obtained abovw. Nevertheless it follows from our calcu-
lations that at such a consideration Poiseuille phonon
flovi and second sound can be displayed rather clearly in
isotopically pure diamonds at D-1Imm.

In conclusion we must note that the results of this pa-
per have the character of estimation%, which in more
degree admit, than prove the possibility of observation in
diamonds such rare efiects a* Poisguille phonon flow and
second sound.

REFERENCES

1. J. Callaway, Phys. Rev. 113, 1046 (1959).
2. T.R. Anthony, W.F. Banholzer, J.F.Fleischer, Lanhua Wei,

P.K. Kuo, R.L. Thomas, R.W. Pryor, Phys. Rev.3 42,
1104 (1990).

3. E.A. Burgemeister, Physica 93 B, 165 (1978).
4. R. Berman, Thermal conduction in solids, Clarendon

Press, Oxford (1976).
5. R. Berman, M. Martinez, Diamond Research, Suppl.

Industr. Diam. Rev., p.7 (1976).
6. R.N. Surzhi, Uspehi Fisicheskih Nauk 94, 689 (1968) (in

Russian).
7. E.W. Prohofsky, J.A. Krumhansl, Phys. Rev. 133, 1403

(1964).
8. R.A. Guyer, J.A. Krumhansl, Phys. Rev. 133, 1411 (1964).

453



Fig.i. Theudepndence of di-

w amond thermal conductivity
from the content of carbon

% isotope C at T-300 K.
M . 0 experimental results (2);

- - -calculated results in
Ziman's limit; -results,

Mcalculated according to the
expression 1.

IU III

-.
4

temperature(.with tak

V, a 20

9-o

Th xeietrslsFig.. The calculated re-

0re a0
suits for diamond thermal
conductivity dependence on
temperature ( - with tak-
ing isito account Poiseuille 9e A__________ 0
phonon flow and -_- - with- T0 10

out it). T
I - c=O, D-i0mm; 2 - c=09
D=lmm; 3 - c=0.07%, D=imm.
The experimental results Fig.3. The calculated re-
are for natural diamond suits <Cwm>, <to>, mm
with D imm C 0 -from paper lXmi~twv> for a diamond with
(5), S from paper (3)). c-0 at D=i0mm.

454



HIGH TEMPERATURE GRAPHITIZATION OF DIAMOND
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ABSTRACT

Synthetic Type lb diamonds have been heated from 1700 0C to
2000°C in tmospheres of helium and nitrogen. CVD films have been
neated at 1800 0C for comparison to the bulk diamonds. The percent of
graphitization for the (111), (100), and (110) orientations of natural
type Ia diamond have been studied. It was found that the (110)
orientation had the highest graphitization while the (100) was slightly
graphitized and the (111) was least graphitized. Surface to volume
ratios confirmed that graphitization is controlled by surface rather than
bulk nucleation up to 1900°C. IR and UV-Visible spectra were found
to be a sensitive indication of graphitization.

INTRODUCTION

The work of Friedel and Ribaud (1) has shown that there are two regimes of
diamond graphitization when heated in an inert atmosphere. For lower temperatures
graphitization is confined to the surface and the bulk of the diamond remains
undamaged. However, for temperatures above 1700°C, graphitization occurs in the
bulk of the diamond causing cracks, and usually dsintegration. The transition
temperature between the two distinct regimes, called Tg, has also been quantified by
Seal (2) to be around 1700°C for diamonds heated 30 minutes. He suggests that in the
lower temperature regime the direct diamond to graphite change either is very slow or
does not occur. Above Tg, the change is primarily a bulk reaction because the nuclei
of graphite formed on the surface are insufficient to account for the observed rate of
graphitization.

The purpose of our work was to determine the effects of graphitizv.tion for periods
of two to four minutes, study how nitrogen content of type lb diamonds affects
graphitization, and compare our CVD films to the bulk diamonds.

EXPERIMENTAL

Initial experiments were performed with faceted diamonds in a helium atmosphere
to determine an approximate graphitization temperature. Quantitative experiments
were then achieved in this temperature range with synthetic and natural diamonds.
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Synthetic type Ib diamonds were supplied by Sumitomo Electric Carbide Inc. and
natural type ila diamonds were from Dubbeldee Harris Diamond Corporation.

The furnace was an Astro Model 1000, which had a minimum warm-up time of
an hour. Therefore, modifications were made to dispense the diamond from a room
temperature environment into the center of the furnace, and, after a few minutes,
extract the diamond out of the "hot zone." The temperature was monitored with an
optical pyrometer and corrected for passage through the quartz viewport. Inert
atmospheres of nitrogen and helium were controlled by flow meters supplied with the
Astro furnace. Pressure was maintained at approximately 1 atm.

The Raman spectra were used to analyze changes in bonding structure. The
surface morphology was characterized by optical micrographs both before and after
graphitization. The rate of graphitization was examined by UV-Visible and IR
spectroscopy.

In addition, the percent of graphite was calculated from Archimedes' principle
using the volume change of the heated diamonds. The volume was determined by
weighing in air and in a liquid with a density of 2.10 ± 0.05 gm/cc at 23 0C. Due to
the precision of the balance when weighing small masses, large uncertainties were
introduced with the Archimedes' measurement. The densities of graphite and diamond
are 2.26 and 3.515 gm/cc respectively, so complete conversion to graphite would be
associated with more than a 50% change of volume. The percentage of increased
volume was defined and calculated from the following equation:

experimental volume change
AV =

volume change from 100% diamond to 100% graphite

(W& - Wi)/DI - Wa/Dd * 100% (1)
Wa * (lID 1 - 1/Dd)

where, W& and Wi are weights in air and liquid, Di, Dg, and Dd are the densities of the
liquid, graphite and diamond, respectively. If volume changes due to cracking are
neglected, then this equation calculates the percent of graphite with reference to a
totally graphitized specimen.

RESULTS AND DISCUSSION

a.frsal "one de nnc-Tle graphitization was determined for the (100), (110), and (111) planes by

subjecting Type Ila natural diamond, samples 1, 2 and 3, to a 1800°C helium
atmosphere for two minutes, as shown in Table 1. All planes were specified by the
vendor to within ±3 ° . Both the UV-Visible and IR spectra decrease in magnitude
with increasing temperature, but the shape of the 1R spectra is not significantly
modified by heating. Therefore, changes in the IR spectra are characterized in Table
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1 by the IR transmission ratio, the ratio of transmittance before heating to after
heating. Since graphite is opaque to this radiation, large ratios correspond to more
graphitization. Table I shows that the IR transmission ratio at the arbitrarily chosen
wave number 4000 cm -1 increases slightly from 1.2 to 1.4 in changing from (111) to
(100) orientations and then rises substantially to 69 with the (110) orientation. The
percent graphite calculated from Archimedes' principles also remains consistent with
this ordering.

The plane with the lowest graphitization rate does not agree with Seal's (2) result
which had a lowest rate on (100). A possible reason is due to the different grades of
diamond. However, the results indicate that the (111) and (100) surfaces have very
similar surface activation energies which are significantly larger than the energy of
(110) surface.

Optical micrographs of these three samples after the two-minute heating show
discretely distributed graphitization sites. This observation confirmed that the initial
stage of graphitization does not cover all the surface (3).

2. Tempgrature depndence
The synthetic diamonds were subjected to temperatures from 1700°C to 20000C,

and the Archimedes' measurement, UV-Visible and IR spectra indicated the amount of
graphitization. Figure 1(a) gives the IR spectrum for an unheated CD2016 diamond
while Figure 2(a) gives the UV-Visible spectrum. Figures 1 and 2 also give the
spectra of CD2016 diamonds at 1700, 1800, and 1900°C in the same fashion. The IR
transmission ratios show a large increase occurring between 1800 and 1900°C, wnich
agree with the calculated percent of graphite.

The UV-Visible spectra for the same diamonds illustrate an impurity to
conduction gap of 2.7 eV (465 nm). The absorption feature at 660 nm was due to a
poor diode in the detector array and should be neglected in all the UV-Visible spectra.
In addition, the discontinuity at 400 nm was due to a lamp change, and thus should
also be neglected. The 2.7 eV gap is not significantly changed at 1700 or 1800°C, but
when subjected to 1900°C, an abrupt change occurs in the UV-Visible spectrum. In
particular, the gap disappears, and the sample is almost totally opaque to this radiation.
Optical micrographs of the synthetic diamonds show that cracks in the diamond
surface act as nucleation sites for graphitization as illustrated in Figure 3. This type of
nucleation was not apparent in the natural diamond.

In addition to IR and UV-Visible spectra, Raman spectra were taken on CD2016,
sample 1, as illustrated in Figure 4(a), after being subjected to 1800°C for two
minutes in a helium atmosphere. The only feature of the spectrum is the diamond line
at 1333 cm- 1 . Figure 4(b) shows the appearance of graphite peaks in addition to the
diamond line when sample 3 was exposed to 1900°C in the same environment. Peaks
were at 1333, 1347, and 1589 cm-1 with half-widths of 6, 71, and 66 cm-1

respectively. The peak at 1347 cm-1 appears when long range order is lost and
momentum is no longer conserved in the solid. This can happen when the structure is
amorphous or when the grapnite particles are microcrystalline (less than 10 nm) (4).
The half-widths of the 1347 and 1589 cm-1 peaks are consistent with either
microcrystalline graphite or amorphous carbon, so Raman spectroscopy alone canriot
distinguish between these two alternatives. However, the appearance of an amorphous
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structure at such a high temperature is very unlikely, so the microcrystalline
explanation is probably correct.

3. Time dependence
An indication of the effect of time on graphitization was studied by extending the

furnace time from two to four minutes at !800°C in a helium atmosphere for both
natural and synthetic diamonds. Table 1 shows the expected increase in graphitization
with time, although it should be noted that some diamond remains intact after four
minutes at 1800°C. In addition, Figure 5(a),(b), and (c) illustrate the UV-Visible
spectra as a function of time. In Figure 5(b), after heating for two minutes, the
transmittance is reduced throughout the entire spectral range, the absorption edge is
still well defined at 225 nm, and a broad absorption feature appears at 260 nm. When
time is extended to four minutes, Figure 5(c), the transmittance is further reduced, a
broad absorption feature occurs at 285 nm, and the band edge is no longer defined.

4. Nitrogen atmosphere
The effect of a nitrogen atmosphere on Type lb synthetic diamonds was studied

because graphitization occurs predominantly along cracks in synthetic diamonds, but
not in natural diamonds. A comparison of helium and nitrogen atmospheres is made in
Table 1, synthetic diamonds (CD1210) samples 1, 5, 6, and 7. The percent graphite
calculated with the Archimedes' technique does not change significantly as nitrogen is
introduced, but the weight loss incurred rises. In addition, Figures 6(a) and 6(b) are
micrographs of synthetic diamonds subjected to 1900°C in helium and nitrogen,
respectively. They indicate that cracking is accelerated in the nitrogen atmosphere,
accompanied by a dendritic-like growth. The increased weight loss is probably due to
the formation of carbon-nitrogen gaseous compounds.

5. CVD diamond
Another set of temperature-dependent studies was done using our films deposited

by rf plasma enhanced chemical vapor deposition (5). The substrates were poor
quality natural faceted and flat diamond containing scme graphite inclusions. In run
156, 3.19 mg of film was deposited on a substrate of 42.11 mg, resulting in a
composite specimen containing about 7.0% by mass of film. This was put in a helium
atmosphere for two minutes at 1800°C, and a weight loss of 0.02 mg was recorded.
The Archimedes' results were interpreted with a slight modification to equation (1) to
yield the volume percent graphite for the composite specimen. This measurement
determined that the heated material contained (2±1) % by volume of graphite, or
(1.3±0.7) % by mass of graphite; thus, establishing that a large portion of the film
survived this temperature in the diamond phase. Typical optical micrographs of these
films are illustrated in Figure 7(a), before heating, and 7(b), after two minutes in a
1800°C environment. The morphology in Figure 7(a) consists of an interesting pattern
of pyramids and under higher magnification the micrographs clearly exhibit an
orthogonal set of crack patterns. Figure 7(b) shows that the most extensive black
regions are at the intersection of cracks. Thus, cracks appear to be the dominant
nucleation centers for graphitization in films as well as synthetic diamonds.

SUMMARY

We have determined that the relative change in IR transmission is a ver good
diagnostic for graphitization. An abrupt change in the rate of graphitization of natural
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and synthetic diamonds occurred between 1800 and 1900°C for the two minute heating
time. Therefore, the onset of the second temperature regime, Tg, for bulk reaction is
between 1800 and 1900°C. IR transmission ratios for the (100) and (I 11) orientations
indicate that natural diamonds are slightly less gaphitized than synthetic diamonds.
We also have determined that our CVD films are as resistant to graphitization at
1800°C as the bulk diamonds.
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Table 1. Summary of experimental conditions and results

Samples T Gas Time IR AV Comment
# (-C) (min) Ratio %

Natural Type Ha Diamond
(100) 1 1800 He 2 1.4 5±2 darker & transparent
(110) 2 1800 He 2 69 13±2 darkest & opaque
(111) 3 1800 He 2 1.2 1±4 light dark & transparent
(00) 5 1800 He 4 3.7 >25 partly disintegrated

Synthetic Type Ib Diamond
UP303015 (100) 1 1800 He 2 1.6 3±1I light dark

(100) 2 1800 He 4 12 >6 partly disintegrated
-------------------------------------------------..-.-----------------------------

CD2016 (111) 1 1800 He 2 1.5 5±2 lightdark
(111) 2 2000 He 2 black & disintegrated
(111) 3 1900 He 2 34 14±2 dark
(111) 4 1700 He 2 1.4 2±2 light dark

CD1210 (111) 1 1900 He 2 30±7 dark & opaque
(111) 5 1800 He 2 0* 6±6 lightdark
(111) 6 1900 N2 2 0.80* 30±7 dark&opaque
(I11) 7 1800 N2 2 0.03* 7±6 light dark
* Weight loss (mg)
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OXIDATION OF CVD DIAMOND FILMS
Q. Sun and N. Alam
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ABSTRACT

Thermal oxidation of CVD diamond films on ill
oriented silicon wafers in oxygen at atmospheric
pressure and up to 1273 K was investigated by
thermogravimetry. The data is compared with that
of 100 and 111 oriented type Ila natural diamond
wafers, natural diamond and graphite powders. As
deposited diamond films on one side of a silicon
wafer appear gray in color and turn black on
oxidation. A free standing diamond film has a
pale yellow color which is unaffected by
oxidation. Extensive oxidation occurs by etching
pits on the surfaces and edges of diamond grains.
X-ray diffractioa do not indicate transformation
to non-diamond carbon forms. Raman spectroscopy
indicates a decrease in the amount of non-diamond
carbon on oxidation. Diamond films start to
oxidize at a much lower temperature as compared to
natural diamond and graphite powders. The rate
of oxidation of diamond films is lower than the
rates of oxidation of 111 and 100 oriented diamond
wafers. The oxidation behavior is consistent with
at least two reaction paths.

INTRODUCTION

The potential applications of CVD diamond films in ad-
vanced materials technology are numerous (1). It is
anticipated that in the very near future, products coated
with diamond by the CVD method would be commercially
available (2). In many of the applications, diamond coated
components would be exposed or could get exposed to oxygen
in air at elevated temperatures. Such an exposure may
lead to graphitization and/or oxidation of the diamond film
with associated degradation in properties followed by
premature failure of the component. A study of the
thermal oxidation of CVD diamond films is vital for seeking
information regarding environmental limitations in terms of
temperature and oxygen potential for safe use of such films
in potential applications. There is considerable amount
of interest among the researchers in this area. This is
evident from several papers that have appeared recently (3-
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9). The purpose of this documentation is to further under-
stand the mechanism and kinetics of thermal oxidation of
CVD diamond films.

EXPERIMENTAL

Diamond films were synthesized from CH -H2 gas mixtures
on 111 oriented silicon wafers by the hot iament assisted
CVD technique. All films were prepared under identical
conditions. (Filament temperature : 2275 K, Substrate
temperature = 1225 K, System pressure = 30 torr, Total gas
flow rate = 100 seem, Methane content of input gas = 0.5
v%, Distance between filament and substrate = 0.5 cm).
The films grew at a rate of 0.35 pm/hr and were grown for
20 hrs. The average film thickness was about 7 pm.

Oxidation measurements were carried out in a
thermogravimetric system. Initially silicon wafer coated
with diamond on one side is placed in a quartz sample
hanger which is then suspended from one arm of the Cahn
balance with a fine platinum wire into the hot zone of the
furnace (0.05 m long in the mrdde). UNP grade oxygen is
allowed to flow at 8.3 x 10- m /s at STP and the furnace
is turned on. Weight loss sustained by the sample and
furnace temperature is monitored continuously as a function
of time as the furnace is heated up to 1273 K. In case of
isothermal experiments, the syste s first purged with UHP
grade argon flowing at 8.3 x 10" a /s at STP for at least
3600 s before the furnace is turned on. Preheating is
carried out under flowing argon till the furnace reaches
the desired temperature. At this stage argon flow is
tjrminated and oxygen is allowed to flow at 8.3 x 10"
ma /s. All oxidation measurements were conducted at
atmospheric pressure.

RESULTS AND DISCUSSION

Macroscopic Observations
The films attached to one side of a silicon wafer appear

gray in color. On the other hand a free standing diamond
film obtained by etching the silicon wafer in a HF-HN0O
solution (in the ratio of 1:3) is pale yellow in color.
When a diamond film attached to the silicon wafer, a free
standing diamond film, a 100 and a 111 oriented natural
diamond wafer are heated in flowing argon gas, no weight
change is observed and samples do not undergo any color
change. When heating is carried out in flowing oxygen,
all samples lose weight. Diamond film attached to the
silicon wafer changes its color from gray to black, where
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as a free standing diamond film and natural diamond wafers
do not experience color change. This suggest that the
color change is not a result of a simple physical
transformation of diamond to nondiamond carbon forms. The
presence of substrate and oxygen is essential for color
change.

Electron Microscopy
Typical SEX micrographs of the growth side and the sub-

strate side of the diamond films before and after oxidation
are presented in Fig. la-ld. Oxidation was carried out at
973 1 till films lost 25% of their initial weight. In
case of unoxidised films the growth side is dominated by
octahedral, (111) morphology. The individual grains are
0.5 - 3 Am in size. The substrate side is extremely
smooth. Grain boundaries are clearly visible along with
voids. After oxidation the growth side shows pits of
various sizes. Well faceted crystals cannot be seen. The
degree of attack appears to be the same all over. The
oxidation behavior of the substrate side of the film is
quite different. Etching appears to be more severe at the
boundaries between the grains rather than the interior of
the grains.

SEX micrographs of (100) and (111) surfaces of natural
diamond wafers before and after oxidation are presented in
Fig. 2a-2d. The figures show that (100) surface is more
resistant to oxidation as compared to (111) surface. Such
a behavior has been reported previously (9). Such surfaces
in the CVD diamond films before and after oxidation are
presented in Fig. 3a and 3b respectively. After oxidation
(100) surfaces (square shaped) remain smooth, while (111)
surfaces (triangle shaped) show pits on the surface due to
etching with oxygen. Such differences have been attributed
to detect sites on (111) surface (10). These defects are
believou to be dislocations running normal to the (111)
faces (10).

X-ray Diffraction
X-ray diffraction patterns of diamond films on silicon

wafer, before and after partial oxidation are presented in
Fig. 4a and 4b respectively. In the 20 range scanned
unoxidized diamond film show all peaks of diamond. After
partial oxidation diamond peaks are still visible, despite
the loss of well faceted crystals as evidencid by SEM.
Peaks pertaining to other carbon phases were not detected
after oxidation. Therefore, either no phase transforma-
tion occurred or the transformed phases are amorphous.

Raman Spectroscopy
Raman spectra of diamond film. %Afore and after partial
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oxidation are presented in Fig. 5 and Sb respectively.
The sharp peak at 1331.7 cm'I is characteritqtic of diamond.
The bro.d peak centered at about 1500 ca- arises fromhighly isordered phase consisting both sp2 and opt

hybridisud carbon that need not be graphitio in nature.
The lowering of the intensity of the broad maximum relative
to the diamond peak after oxidation indicates that the non-
diamond carbon in the film is oxidized at a higher rate as
compared to diamond. Raman spectroscopy did not reveal
the formation of graphite. Either no phase transformation
occurred or if diamond transformed to a form represented by
the peak centered at around 1500 Om 1 , the rate of oxida-
tion of the transformed phase is higher than the rate of
its transformation.

Thermogravimetry
The thermogravimetric curves for the oxidation of a

typical diamond film on one side of a silicon wafer, (100)
and :111) oriented type Ila natural diamond wafers are
presented in Fig. 6. The film was 22 mm in diameter, 3.5
pm thick and weighed 4.8 mg. The natural diamond wafers
were 2.5 x 2.5 x 0.25 mm in size and weighed 5.5 mg each.
ThI geometric surface area jvailable for oxidation was 380
mm for the film and 15 mm for the wafers. The figure
indicates that the diamond film begins to oxidize at the
lowest temperature followed by (111) natural diamond wafer
and finally (100) oriented natural diamond wafer. The
lower inception temperature of (111) surface as compared to
(100) surface is due to the higher oxidation resistance of
(100) surface as compared to (111) surface. The lower
inception temperature for the oxidation of CVD diamond film
can be attributed to the presence of small amounts of non-
diamond carbon, hydrogen, high concentrations of crystal
defects such as vacancies, twins, dislocations, etc. and
residual stress. The slopes of the curves indicate that
CVD film oxidizes at the highest rate, followed by (111)
and (100) surfaces of natural diamond. Thermogravimetric
curves for the oxidation of natural graphite powder (1 pm)
and natural diamond powder (43 pm) are also presented in
Fig. 6. The specific surface areas of the two powders
were not mzasured. However, the geometric surface area
available for oxidation was S0 mmy in each case. The
samples weighed a mg each. Again diamond film begins to
oxidize at a lower temperature as compared to graphite and
diamond powder.

CONCLUSIONS

In flowing oxygen and at atmospheric pressure, CVD dia-
mond films begin to oxidize at temperature close to 950 1.
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This temperature is lower than that of (111) and (100)
surface of natural diamond. Similarly natural graphite
and diamond powders begin to oxidize at higher temperatures
as compared to CVD films. On oxidation, diamond films
deposited on one side of silicon wafer turn black. This
dark appearance is not a result of phase transformation of
diamond as evidenced by X-ray diffraction and Raman spec-
troscopy. At 973 K extensive oxidation occurs by etching
pits on the surface and edges of diamond grains. (100)
surfaces appear to be more resistant to oxidation as com-
pared to (111) surfaces. The oxidation proceeds either by
direct formation of CO and C02, or if an intermediate
carbon phase in involved, the oxidation rate of the
intermediary is higher than its rate of formation.
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Fig. 1 SEM micrographs of diamond films (a) growth side
before oxidation (b) substrate side before oxida-
tion (c) growth side after oxidati4on and (d) sub-
strate side after oxidation.
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Fig. 2 SEM micrographs of (a) {lll} natural diamond before
oxidation (b) {100} natural diamond before oxida-
tion (c) f111} natural diamond after oxidation and
(d) {lOO} natural diamond after oxidation.

Fig. 3 SEM micrographs of diamond films showing {100} and
{ill} surfaces (a) before oxidation (b) after
oxidation.
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ABSTRACT

Diamond films have the potential of being used as the high

temperature insulator in space nuclear power components such as thermionic
and thermoelectric energy conversion devices. The bulk electrical resistivity
of the films should be sufficiently high and the films should be stable at the
highest operating temperatures of these components. There appears to be a
large difference (several orders of magnitude) in room temperature resistivity
between films fabricated using various techniques, conditions, and substrates.
A variation in resistivity between films at high temperatures has also been
observed but is not as pronounced as at room temperature. The resistivities
of several films have been measured from room temperature to 1200C and
will be reported. The iilms were characterized by Raman and scanning
electron microscopy., The resistivities have also been compared to that for
natural type Ila diamond.

INTRODUCTION

The energy conversion components of high temperature space nuclear power sources
(thermionic and thermoelectric) have the need for a high temperature electrical insulator that
is structurally and electrically stable under the continuous exposure to the harsh environment
of a space nuclear reactor. The insulator would need to maintain exposure to at least a
temperature of SOOC, a 1 MeV neutron fluence of 12nn/cm2, and possibly direct contact with
a liquid alkali metal coolant. The ideal material for this application would maintain a high
bulk electrical resistivity to prevent leakage current losses while providing a high thermal
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conductivity to enhance the cooling of certain components. A diamond film is an excellent
candidate to be this insulator if it can fulfill these requirements.

The diamond films that appear to have the most promise of meeting these
requirements are those synthesized by plasma-enhanced chemical vapor deposition (PECVD)
techniques. These films display typical Raman spectra of diamond with a strong, sharp
diamond bonded carbon signal at 1332 wave numbers and, for some films, a lesser and more
broad non-dmond bonding signal at 1550 wave numbers representing a graphitic or
amorphous carbon component. A comparison of the electrical properties of these films with
those of natural diamond over a wide range of temperature is a good indicator of the high
temperature insulating performance of state-of-the-art diamond films.

The Uhermal conductivity of PECVD diamond films at room temperature has been
measured to be around 18 W/cm-K [1J indicating that these diamond films are superior in
this property to all known materials at room temperature except for natural diamond (20
W/cm-K for type Ila). The electrical resistivities of many diamond and diamond-like films
have been measured at room temperature. Resistivity values at this temperature have ranged
anywhere from 10' - 1014 ohm-cm compared to 10"1 ohm-cm for natural type Ila (low
nitrogen content) diamond. From this prior data, it appears that diamond films deposited to
date have not equaled the electrical insulating rroperties of natural diamond at room
temperature. There is a lack of data, though, for diamond films and natural diamond
resistivity at high temperatures (above 700C).

We recently presented results which were the first electrical conductivity/resistivity
ircasurements of diamond and diamond film at temperatures up to 1200C [2). Two natural
Ila diamonds, two diamond films, and three diamond-like films were evaluated in this study.
The diamond films displayed high temperature resistivities that, in one case, approached that
of the natural diamond and, in the other, actually exceeded the resistivity of the natural
diamond. An activation energy of 1.4 eV was found for both of the natural diamonds from
the slope between 300 and 1200C. The diamond films appeared to have different conduction
mechanisms between the temperature ranges , 200 to 600C and 600 to 1200C with
activation energies of 0.9 eV and 1.8 eV respectively.

It is clear from a review of previous studies that the processing techniques of the
diamond films has a substantial effect on the electrical quality of the sample. As the
deposition of diamond films is becoming popular among many researchers, the importance
of utilizing well established sources of test samples is emphasized.

Measuring the electrical resistivity of diamond films to higher temperatures and then
back down to room temperature will also provide information regarding the stability of the
films and the bonding of the film to the substrate. There is also evidence that post-growth
heat treatment of diamond films stabilizes the electrical activity of the hydrogen within the
film which increases the bulk electrical resistivity [3]. This behavior can be verified by the
resistivity measurements during thermal cycling.
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EXPERIMENTAL

An apparatus was specifically designed and built with the ability to measure very high
resistivity insulators up to a temperature of 1200C. The sample holder and oven are shown
in Figure 1. The holder was made of 998 pure alumina and all of the wiring feedthroughs
and connections were made in such a way to ensure that leakage currents bypassing the
sample were as low as possible. A DC two probe method with a guard ring and volume
guard were used to measure the bulk electrical resistivity of the samples perpendicular
through the plane of the samples. A long niobium center probe rested, with some pressure,
c' a small iridium disk on top of the sample. A cylindrical niobium volume guard fit around
tht, center probe and also rested on the top of the sample. A large area iridium electrode was
plat,;' underneath the sample as the second probe.

The conductivity measurement limits of the apparatus have been characterized and
the results presented [2]. Below 900C, a slight conductivities of 10"6 to I(V ohmr'cm "1 were
measured using a hjhly resistive sapphire sample. It is believed that lower conductivities
cannot be measured with this apparatus (i.e. a maximum resistivity of 1016 to 1017 ohm-cm).

The diamond films used in this study were two samples from Crystallume, two
samples from North Carolina State University, and one sample from a joint research effort
by Wright Laboratory and Universal Energy Systems (UES). A natural type Ila diamond
was also evaluated. One diamond film from Crystallume, sample CSW-M-6-NS, was
deposited on a silicon substrate by a microwave assisted PECVD method. The film thickness
was calculated by Crystallume, based on nominal growth rates, to be 6 microns. The other
film from Crystallume, sample 7-B-171 was a 3 micron diamond film deposited on a
molybdenum substrate using DC plasma-enhanced CVD techniques. The molybdenum
substrate is a refractory metal material that will likely be used in thermionic or thermoelectric
energy conversion components. The DC deposition technique would also likely be used in
fabricating a thermlonic diamond sheath insulator. Both of these samples were heat treated
after growth at Crystallume's facility.

Both samples from North Carolina State University were grown in an Astex
cylindrically coupled stainless steel microwave plasma CVD reactor. The first film, sample
BS13-B2, was grown immersed and the second sample, BS3-A, was grown down stream
from the plasma. Both films were grown on undoped silicon (100) substrates with a
methane-to-hydrogen ratio of 1%. Neither film received any post deposition treatment.
Samples BS13-B2 and BS3-A were approximately 9 microns and 5.5 microns thick
respectively, as determined from cross-sectional SEM.

The UES/ Wright Laboratory sample was a 5 micron thick film deposited on a silicon
substrate using a microwave assisted PECVD technique. The deposition process was sti!l
being optimized for high resistivity films at the time that this sample was submitted. This
sample was, therefore, considered to represent a slightly less than state-of-the-art quality
insulating diamond film.
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EXPERIMENTAL RESULTS AND DISCUSSION

The electrical conductivity measurements of the two diamond film samples from
Crystallume compared with a type la natural diamond are shown in Figure 2. The room
temperature resistivities of both samples were extremely high, with the diamond film on
molybdenum, sample 7-B-171, approaching natural diamond at the maximum measurement
limit (just below 106 ohm-cm). At a temperature of 1000K, the resistivities of both films
were approximately equal at 5 x 105 ohm-cm, while the natural diamond remained slightly
higher at 10' ohm-cm. The activation energies, determined from the slope between 400C and
300(C, of CSW-M-6-NC and 7-3-171 were 0.6 eV and 0.9 eV respectively. A different
conduction mechanism between 3000C and 8009C wns most likely responsible for higher
activation energies of 0.9 eV and 1.1 eV for the respective film. These higher values can
be compared to the natural diamond activation energy of 1.4 eV in that temperature range
121.

The electrical conductivity measurements of the UES/ Wright Laboratory diamond
film are shown in Figure 3. The sample had a room temperature resistivity of approximately
1013 ohm-cm but the resistivity at 1000K was slightly higher than that of natural diamond.
The conduction mechanisms of this film can be characterized by activation energies of 0.1
eV between 400C and 300C and 0.8 eV between 300°C and 900C.

The electrical conductivity measurements of the North Carolina State University
diamond films are shown in Figure 4 and 5. The most outstanding features of these two
plots are the initial room temperature resistivity measurements. The resistivity values are
several orders of magnitude less than the eventual room temperature resistivity after the films
had undergone at least one temperature cycle. Since these films were not heat treated after
growth, this observation agrees with earlier results [31, where it was theorized that electrical
activity of hydrogen in the film is responsible for the excess electrical conduction at room
temperature. The resistivities at 1000K for both films were between 10' and 10' ohm-cm.
Both films displayed activation energies of 0.8 eV at temperatures above 300C.

SUMMARY

The electrical conductivity of five oiamond films from three different sources were
measured from room temperature to 1200C. The room temperature electrical resistivities
of the different films varied by several orders of magnitude depending on the processing
techniques used during deposition. One of the Crystallume samples had a room temperature
resistivity which is the highest measured to date, but still below the 'actual" value for natural
diamond. The initial room temperature resistivities of both of the North CarolLia State
University diamond films were very low due to the absence of post-growth heat treatment
in the processing of these samples.

The electrical conductivity values converged at higher temperatures and there was
much less variation between films at a temperature of 1000K. The natural diamond and all
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of the diamond films had measured resistivities between 10s and 2 x 10' ohm-cm at 1000K.
This is of much interest since a diamond film would most likely be maintained near this
temperature in a space nuclear power component application. Systems studies must be
completed to realize if these electrical properties at IO00K are adequate for each thermionic
or thermoelectric application.

The activation energies of the five diamond films ranged from 0. 1 eV to 1.1 eV
compared to 1.4 eV for the natural diamond. This range of activation energies shows how
different processing techniques can lead to a variation in impurity characteristics and
conduction properties. It is suggested that vacancy loops or acceptorldonor impurities at the
grain boundaries of the diamond films are responsible for the various conduction mechanisms
and resulting activation energies. Considerably more work needs to be done to get a better
understanding of the fundamentals of the conduction mechanisms.

Research supported by SDIO/IST & managed by Wrlght Laboratory
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ABSTRACT.

The electrical resistivity of diamond films can vary
from sample to sample by as much as six to seven orders
of magnitude at room temperature. Sources for these
variations include differences in impurities and
structural defects, and the amount of graphitic component
in the films. Proton recoil measurements have shown
hydrogen to be the greatest impurity present in
quantities of 0.5% to 1.0% throughout the diamond film
thickness. These measurements are complemented by
electrical resistivity measurements from room temperature
to 1200 C, Raman spectroscopy, Auger analysis and SEN.
It was determined that hydrogen can be removed from the
surface of the CVD diamond film through heat-treatment,
but that bulk hydrogen concentrations and the bulk
electrical resistivity are essentially not affected.

INTRODUCTION.
While the electrical resistivity of naturally occurring

diamond has been measured to be on the order of 1016 ohm centimeters
at room temperature', and undoped, defect-free diamond would have
a room-temperature electrical resistivity many, many orders of
magnitude higher, the electrical resistivity of diamond thin films
produced by chemical vapor deposition (CVD) is typically lower than
that of naturally-occurring diamond. The impurities in diamond
films grown from the plasma-enhanced chemical vapor deposition
technique vary from sample to sample as a function of the
deposition parameters, but hydrogen is commonly a major impurity in
films grown by this method. It is speculated that deep traps
within the diamond may be passivated 'y hydrogen, both in CVD
diamond films, and in natural diamond crystals. It has previously
been reported that heat treatment of CVD diamond films can result
in removal of hydrogen from the film, with consequent improvement
in the electrical resistivity to values comparable to natural
diamond.3 In the current study, the hydrogen concentration has
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been measured in CVD diamond films both before and after cyclic
measurement of the temperature dependent electrical resistivity of
the diamond film to a temperature of 1200 C, to seek correlation
between the electrical resistivity and the hydrogen content of the
film. Relatively little change was observed in both the electrical
resistivity of the films from first to second cycle, as well as
little difference in the bulk hydrogen content of the film, even
after heat treatment to 1200 C.

EXPZRIXZNTIL.
Diamond films were produced on molybdenum and silicon

substrates using plasma enhanced chemical vapor deposition in an
Astex tube reactor. Methane concentrations ranged between 0.5% and
2.0%, with the remaining gas being hydrogen. The pressure was
maintained at 28 torr, with a flow rate of 100 sccm. The substrate
was heated by microwave induction and plasma heating, with
microwave power set at approximately 250 watts. The temperature of
the substrate was approximately 925 C as determined by optical
pyrometry, with no corrections applied for the quartz window or for
emissivity changes. Diamond films were analyzed using Raman and
Auger spectroscopy, Rutherford Backacattering (RBS), Proton Recoil
Detection (PRD), and SEM both before and after electrical
resistivity measurements were made over the temperature range from
room temperature to 1200 C.

The electrical resistivity of the films was measured through
the plane of the diamond films using a DC two probe method with a
guard ring and volume guard4. To verify the accuracy of the
measurement apparatus, the resistivity of a single crystal sapphire
sample was made and was found to compare well to accepted values.
The heating of the films during the resistivity measurement was
expected to alter the hydrogen content, and possibly other
properties of the diamond films.

Concentrations of hydrogen and other impurities were measured
by proton recoil detection (PRD) and Rutherford Backscattering
(RBS). In both techniques a mono-energetic helium ion beam of
between typically 2 to 3 MeV is incident on the target to be
examined. In RBS, the beam is backscattered through an angle
greater than 900. In this work the angle was 1680. With this
scattering angle and using a 3.05 MeV helium beam it is possible to
enhance the scattering of oxygen through an enhanced resonant
scattering process. Using conventional RBS it is possible to
easily detect the presence of impurities heavier than the substrate
atoms. The detection limits for impurities heavier than carbon
varies from 0.1 at% to 0.001 at%, in proportion to the square of
their atomic numbere.

In PRD, the number of forward scattered protons is measured as
a function of their energy. For this measurement, either the
target must be thin (<25Am) or placed at a glancing angle to the
beam6. In this work the target was placed with the incident helium
beam at 750 to the target's surface normal and the detector was
placed at an angle of 30* to the incident beam to detect the forward
recoiled protons from the target. To aid normalization of the
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data, an RBS spectrum was taken simultaneously during the
acquisition of the PRD data. The cross-section for proton recoils
by HeV ions has been measured by Ingram et al6 and is slifficiently
high for the hydrogen content of polymers to be measured without
significant radiation damage, unlike the heavy ion techniques for
measuring hydrogen. Also, with PRD a complete profile can be
measured simultaneously, whereas, with the heavy ion techniques
(which are very strongly resonant nuclear reactions) each data
point in the concentration profile requires a different energy for
the incident ion beam and therefore the time required to acquire
data is much longer and the radiation damage produced in the sample
is much larger. A disadvantage of PRD is the relatively poor depth
resolution of about 100 nm.

RESULTS.
Electrical resistivity measurements of the diamond films, as

shown in figure 1, showed a resistivity of approximately 1014 ohm-cm
at room temperature., compared to the resistivity of natural
diamond of typically 1016 ohm-cm. At elevated temperatures (800-
1200 C), the resistivity of the diamond films was found to exceed
the resistivity of natural diamond by approximately one order of
magnitude. This difference, and the difference in slope of the
resistivities of the films compared to natural diamond is
indicative of a difference in type and number of defects and
impurities which can account for conductivity in diamond. Thermal
cycling of the films to 1475 K showed no permtnent changes in the
resistivity of the diamond films.

In figure 2, Raman spectra for pre- and post-resistivity
measurements (thus pre- and post-heat-treated) show a prominent
line in proximity to the 1332 cm"1 diamond line, in comparison to
the spectral features in the vicinity of 1500 c7 in both spectra.
This spectral line is a reliable indicator of large crystals with
predominantly sp3 bonding within the film both before and after the
resistivity measurement. The shift in the position of the diamond
line around 1332 cm" is attributed to the degree of residual stress
in the diamond film for pre- and post heat-treatment. The spectral
zudture in the vicinity of 1500 cm*' is attributed to a disordered
carbon band. The ratio of this peak to the diamond peak is reduced
following heat-treatment. The interpretation of this phenomenon is
incomplete, but taken as evidence that the bulk diamond properties
are not degraded by heat-treatment.

In contrast, figure 3 indicates essentially the opposite
effect in the surface of the diamond films following heat
treatment. The differences in shape of the Auger spectra for
unheated and heated diamond films observed may result from the pre-
heat-treated diamond films being hydrogen terminated, while the
post-heat-treated films are graphite terminated. Williams and
Glass report a similar change in the shape of the Auger spectrum
following argon sputtering, which may also remove hydrogen from the
film surface. In the Auger spectrum of natural diamond', the
intensity of the fine structure peak closest to the primary C KLL
peak is larger than the peak appearing at slightly lower energy,
while for the case of graphite, the relative intensities of these
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two features is reversed. Those features correspond well to the
Auger spectra of as-grown and heat-treated diamond films studied
here, supporting the assumption that hydrogen is removed from the
film surface through the heating of the film.

Figure 4 shows the RBS spectra taken from a sample of diamond
film on a molybdenum surface. The spectra were taken before and
after heat-treatment to 1200 C. In the as-deposited sample there
appears to be about 0. 1 at% oxygen in the bulk of the material.
This is not present in the annealed spectrum. The PRD spectra in
figure 5 were taken simultaneously with the spectra in figure 4.
These spectra demonstrate how stable hydrogen is in the bulk of the
diamond film. A constant level of 0.5 at% extending into the bulk
of the material was detected before and after the 1200 C heat-
treatment. Although the depth resolution of PRD is about 100 nm
for the system used, hydrogen near the surface was clearly removed
by heat-treatment.

CONCLUIONN.
Elemental analysis of diamond films was obtained using RBS and

PRD. The elemental compositions were predominantly carbon (greater
than 98 at%), with oxygen detected by RBS to be 0.1 %, extending
uniformly through the bulk for unheat-treated samples. One sample
was determined to have 0.5 at% within 100 nm of the surface of the
film. Oxygen may be'present as HO or OH groups at the surface of
the film.

From PRD analysis it was determined that hydrogen is the
principal impurity in the films, with up to 1.8 at% hydrogen near
the surface of some films (first 100 nm), but falling to
approximately half of that value in the bulk of the films.

Following the electrical resistivity measurements, RHS and PRD
indicated that the elemental composition of the samples was still
predominantly carbon (greater than 98 at%). A small amount of
oxygen (less than 3 x 0 s O/cm2) was detected near the surface, and
no oxygen was detectable in the bulk of the film. PRD analysis
indicated a drop in the hydrogen content at or near the surface of
the film (100 nm), but no change in the hydrogen concentration was
observed deeper into the diamond film.

Previous published results indicate that hydrogen may be
removed by heat-trpatment to 780 C3. The current effort, to
correlate the change in resistivity as hydrogen concentration is
altered, has not succeeded in documenting this relationship owing
to the stability of the bulk hydrogen concentration. Hydrogen at
or near the surface of the film can be removed through heat-
treatment, but bulk concentrations are unaffected by heating to
1200 C.

Removal of hydrogen from the surface of the film was
determined prom Proton Recoil Detection. This result was also
supported by Auger analysis and Raman analysis, which indicate a
graphitic termination of the carbon on the film surface following
heat-treatment, concurrent with no substantive change in the
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diamond peak at 1332 cm'l. The presence of oxygen at the surface of
the film may also indicate absorption of water or OH groups on the
surface of the diamond. The stability of the bulk hydrogen
concentration was an unexpected result based on results reported
previously for both natural diamond and for CVD diamond films.
This finding and the unusual shape of the resistivity of these
diamond films, particularly the higher values of resistivity at
elevated temperatures when compared to the resistivity of natural
diamond, indicate possible fundamental differences in the quality
of the diamond films produced in this study with respect to diamond
films studied previously, and shows that CVD diamond films can be
produced with resistivities which exceed the resistivity of natural
diamond at elevated temperature.

ACKNOWLNDGB3NT.
This work supported in part by SDIO/IST under Contract Number

F33615-89-C-2960.

1. Collins, A. T. and Lightowlers, "Electrical Properties of
Diamond" in The Pronerties of Diamond, J. E. Field, editor,
Academic Press: New York, 1979.

2. Vandersande, J. W. and Zoltan, L. D., "High Temperature
Electrical Conductivity Measurements of Natural Diamond and Diamond
Films" Switzerland, Sept. 1990.

3. Landstrass, M. I. and Ravi K. V., "Hydrogen Passivation of
Electrically Active Defects in Diamond" Appl. Phys. Lett. 55 (14)
October, 1989.

4. J. W. Vandersande, D. Zoltan, and S. Adams, "Electrical
Conductivity of Diamond Films from Room Temperature to 1200 C"
presented at the Second International Symposium on Diamond
Materials, Washington, D.C., May, 1991.

5. W.-K. Chu, J. W. Mayer, M.-A. Nicolet, Bn±at.ing
S Academic Press: New York, 1974.

6. D.C. Ingram, A.W. McCormick, P.P. Pronko, J.D. Carlson, and
J.A. Woollam, Nucl. Instr. and Meths. B6 (1985) 430.

7. Williams, B. E. and Glass, J. T., "Characterization of Diamond
Thin Films: Diamond Phase Identification, Surface Morphology, and
Defect Structures" J. Mater. Res. A (2) Mar/Apr 1989.

8. Lurie, P. G. and Wilson, J. M., Surface Science j5 476, (1977).

483

i et



ELECTRICAL CONDUCTIVITY
APPLIED SCIENCES-DIAMOND FILM

90.012 #1 (50A) 90 012 #2 (70g)

10-3 1 1

I AY #1
-'"10-4 #4\ P "

' Nat aral Dia -nor d10- ,, !..

106
..5o -

o 10 - I

10
- 8

-91°-

10 +

> 10
"

-

10-14
10- 1 3,

0-15

b 10 1 T\11- - -

- 1 -161

0
-
1
7,

0 0 0

10 - _ W~~C s

04 0.6 0.8 1.0 1 2 1.4 1.6 1 8 2.0 22 2.4 2.6 2.8 30 3.2 34

TEMPERATURE 10 3/T(K)

Figure 1. Electrical conductivity of CVD diamond films compared to
natural diamond.

484



5.600

N
W 5.200
-4

x
U
4) 4.800

0 4.400
U

4.000

1200.00 1320.00 1440.,j0 "560.00

RCW

Figure 2. Raman spectra of CVD diamond film before and after heat
treatment.

2000

0

-Pron Il. Wlliams ad J.T. als.
XU96V SIpetr& Of COD diLaon tils
OOPa,., t &l dia-Aon wraphito,

al Itph t-Orb8

. -20001 2 m0 2 2 22,
200129ot0O 0

100 20

K,0?S 0EABy (ev)

Figure 3. Auger spectra of CVD diamond film before and after heat
treatment.

485



Energy (MeV)
0.2 0.4 0.6 0.8 1.0 1.2 1.4

+ as-deposited
0 annealed 1200 C

4

3.

0
N *,.

2 • .

z \% 4!.

0 
+

50 100 150 200
Figure 4. Channel

RBS spectra from a sample of CVD diamond in the as-
deposited state and following heat treatment to 1200C0.

2.0 '

+ as-deposited
0 annealed 1200 C

+

1.5 *

+ +

*0 + +U + 4
+ ++o +0+

c + +
0 * %

+0 0 + +

+00

+$ o +o. +"++ .=+ -$.

0.0 r . I . . .I I ., 1 . ' - - ' '
-0.2 00 0.2 0.4 0.6 8

depth [microns]

Figure S.

Hydrogen concentration profiles obtained by PRD for the

same sample as figure 4.

486



CHANGE OF RESISTANCE OF DIAMOND SURFACE BY REACTION WITH

HYDROGEN AND OXYGEN

His'9aki Nakahata, Takahiro Imal, and Naojl FujImori

Sumitomo Electric Industries, Ltd., Itami Research Lab., 1-1, 1 -chome Koyakita
Itami-city, Hyogo, 664, Japan

ABSTRACT

It was found that a conductive layer exists on the surface of a
CVD diamond film as deposited. This Is related to hydrogen which
was absorbed on the diamond surface. By reaction with oxygen
this conductivity Is can-eled and the resistance of the film
Increases to its original value.

INTRODUCTION

Diamond has a wide band gap of 5.5 eV and is an insulator., But recently, it
was found that the resistance of diamond films prepared by the microwave
plasma CVD method was much lower than expected and could be Increased by
some treatments. 1)2)3) It was reported by Ravi that treatment of polycrystalline
diamond film in hydrogen plasma made its resistance decrease and this
decreased resistance could be increased by heating. He referred to some
electrically active level made by hydrogen in the diamond film that seemed to
affect the resistivity. Gildenblat rsaported that resistance of an as-deposited
epitaxial diamond film Increased by treatment with Cr03+H2S04, and referred
to the presence of a non-diamond structure on the surface of the diamond film
that was responsible for the conductivity. However, a clear explanation of the
mechanism of these phenomena has not yet been made. To better uRderstand
the phenomena, studies of an epitaxial film are required. In this study, various
polycrystalline diamond films, and the role of oxygen and hydrogen was
investigated.

EXPERIMENTAL

Epitaxial diamond films were prepared by the microwave plasma CVD
method. The substrates used were single-crystal diamonds of high-pressure
synthesized lb and Ila, 1.5x2.0x0.3 mm In size, and natural la crystal about
2 mm in size. All the substrates were Insulating, with resistivity of more than
1014 Q.cm. CH4 and H2were used as reactant gases. The ratio of CH4/H2
was 1/200. The power of the microwave at 2.45 GHz was 400 W and the
reaction pressure was 40 Torr. The thickness of the films deposited was from
0.4 to 5.0 pm.
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A pair of electrodes of (Au/Mo/Ti) was formed by e-beam evaporation on the
films, as shown in Fig. 1. Six different treatments were carried out 's follows
upon the diamond films; their resistance was measured, as shown in Fig. 2,
before and after the treatments.
(1) Heated in air at temperatures from 2000C to 5000C.
(2) Heated in oxygen gas under a pressure of I Torr at 5000C for 1 hour.
(3) Heated In argon gas under a pressure of 0.07 Torr at 5000C for 1 hour.
(4) Treated in RF plasma of oxygen under a pressure of 0.05 Ton" with RF

power of 30 W at room temperature for 2 minutes. In this treatment, an
epltaxlal diamond film deposited on boron-doped single-crystal lb diamond
substrate was also included and its resistance was measured as shown In
Fig. 3. The substrate had enough conductivity for the measurement.

(5) Treated in microwave hydrogen plasma under a pressure of 40 Torr with
microwave power of 400 W for 2 minutes.

(6) Heated in hydrogen gas at 5000C for 1 hour.

Polycrystalline diamond films from 3 to 7 mm in thickness were also
deposited on silicon substrate of 14x14x1.5 mm under the same condition and
on which an (Au/Mo/Ti) electrode was evaporated. Resistance of the films was
measured as shown in Fig. 4 before and after some of the above treatments.

RESULTS AND DISCUSSION

All of the as-deposited epitaxial diamond films exhibited resistances from
104 to 106 0. However, by heat treatment in air, the resistance of the films
increased by several orders. Fig. 5 is the I-V characteristics of the sample as-
deposited and after heating in air at 5000C. Table 1 shows the changes in
resistance by heating in air at various temperatures for six hours. The higher
the heating temperature, the larger the Increase in resistance, and above
4000C saturation of the Increase was observed at the value of 1013 11 by only a
few minutes treatment. It was confirmed that this increase in resistance had no
relation to electrode changing, for the increase was also observed by forming
electrodes after the heat treatment. In all the experiments in this study, no
change of the electrode was observed after any treatment.

Table 2 shows the results for epitaxial diamond films of different film
thicknesses deposited on various kinds of single-crystal diamond substrates
and their different planes. After heating In air at 5000C, all the samples showed
much the same change, with their resistances increased to 1013 from the
105 W as-deposited value. No difference was observed between samples of
different substrates and different film thicknesses. As for polycrystalline
diamond films, the same change of resistance was observed. It was 104 n as-
deposited, and 1010 Q after heating in air at 5000C.
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By heat treatment In oxygen gas, the resistance of an epitaxial diamond film
2 gm in thickness on a Ib(110) substrate was also increased from 106 to 1013
Q even under an oxygen pressure of 1 Torr. On the other hand, no change was
observed from heat treatment in argon gas at 5000C. From these data, it is
concluded that reaction with oxygen Is responsible for the increase in
resistance, and treating at high temperatures is not an essential factor of the
Increase in resistance.

To confirm the effect of oxygen, treatment with RF plasma of oxygen was
carried out. By this treatment the resistance of an epitaxial diamond film 1 ttm in
thickness on a Ib(100) substrate was also Increased from 105 fil to 1013 In only
3 minutes. Surface temperature of the samples is thought to have remained
below 1000C. Fig. 6 is the relation between the time of the treatment with
oxygen plasma and the resistance after the treatment. It was found that the
incrase of the resistance saturates in a few minutes.

After this oxygen treatment the electrodes were removed by HCI+HN03 aq
and HF aq, and the resistance of the diamond surface was measured by a pair
of probes. It was found that the resistance of the area of the surface where an
electrode had been evaporated and which had been Isolated from the oxygen
plasma was still as low as 106 L, while the area which had not been covered
and was subjected to oxygen plasma was more than 1013 Qt. These results are
schematically shown in Fig. 7. These results suggest that the increase of the
resistance is caused by a reaction of oxygen with the surface of as-deposited
diamond.

From the following experiments we determined whether only the surface of
the as-deposited diamond film or the entire as-deposited film is conductive. The
resistance of an as-deposited epitaxial diamond film 1.5 g~m in thickness on a
Ib(1 00) substrate measured as shown in Fig. 3 was 104 Q, and after treatment
by oxygen plasma for 2 minutes the resistance increased by 3 orders and
showed non-ohmic characteristics (Fig. 8). From these data it can be concluded
that the conductivity of the as-deposited film had existed only on the surface of
the film, and not in the entire film. If the entire film were conductive the
resistance measured through the film as shown in Fig. 3 would be the same as
that of the as-deposited film. The characteristics of Fig. 8(a) are considered to
be due to surface conductivity not presenting the characteristic of the entire film;
Fig. 8(b) shows the mean I-V characteristics of the epitaxial diamond film
measured throug the film. Similar results were obtained from a polycrystalline
diamond film.

The treatments in hydrogen plasma and hydrogen gas were carried out on
the epitaxial diamond films whose resistance had increased by heating in air or
treating with oxygen plasma. When treated In hydrogen plasma the resistance
decreased to 106 fl which was the same value as the as-deposited film. This
result was the same as that which Ravi et.al. reported. On the other hand, no
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change was observed from treatment In hydrogen gas at 5000C. We can clearly
recognize that active hydrogen such as atomic hydrogen makes the resistance
decrease. And as mentioned previously, this conductivity caused by hydrogen
is considered to exist only on the surface or near the surface layer of the
diamond film.

By surface analysis of epitaxial diamond films by RHEED and STM it was
confirmed that the surface consists of crystalline diamond. No report of the
existence of amorphous or graphite phases on the surface has been made.
The authors consider that hydrogen is absorbed on the surface of diamond films
just after the deposition. STM observation indicates that the surface structure of
the diamond film is quite similar to that of silicon which Is considered to be
determined with hydrogen. 4 ) After the reaction with oxygen, there will be
oxygen on the surface. Nishibayashi et. al. reported on the existence of oxygen
analyzed by XPS on the surface of epitaxial diamond films heated in air.

As for the mechanism of conductivity, the authors consider that some
electrically active state Is produced by hydrogen that may exist on or near the
surface whose contribution is still not clear but at least does not affect the entire
film, and is the cause of the conductivity. This hydrogen can be easily removed
by reaction with oxygen on the surface, reducing the conductivity. A clearer
explanation cannot be made now, and more surface analysis will be required
for further study.

CONCLUSION

The change of resistance of CVD diamond films by various treatments was
studied. Both epitaxIal and polycrystalline diamond films as deposited had
quite low resistance. This low resistance is considered to be due to a surface
conductive layer which was caused by hydrogen that had reacted with the
diamond surface. And it was made clear that this effect of the conductivity is
canceled by reaction with oxygen, by which the resistance increases to its
original value.
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HALOGENATION OF DIAMOND (100) USING ATOMIC BEAMS

Andrew Freedman and Charter D. Stinespringt
Aerodyne Research, Inc.,

45 Manning Road
Billerica, Massachusetts 01821

ABSTRACT

Both diamond (100) and graphite (basal plane) surfaces have
been halogenated using atomic beams of fluorine and chlorine.
XPS analyses of the resulting adlayers indicate that fluorine
atoms chemically bond to both diamond and graphite; satura-
tion coverages at room temperature are -3/4 and 1/4 of a
monolayer for diamond and graphite respectively. The
diamond-fluoride adlayer in stable up to -700 K; the
graphite-fluorine adlayer, ionic in nature, becomes unstable
at -550 K. Chlorine atoms weakly adsorb on both surfaces;
saturation coverage rapidly decreases as temperature
increases a' ve an initial 200 K. Molecular halogen species
are virtually unreactive under these low flux conditions.

INTRODUCTION

The study of halogen atom interactions with diamond surfaces have
become increasingly relevant as new thin film deposition schemes have
been developed (1). The impetus for using halogen-based systems for
diamond growth involves their thermodynamic and kinetic instability
compared to that of simple hydrogen-hydrocarbon based systems. The
first report of a halogen-based system came from a group at Research
Triangle Institute which used a thermal process involving CF4 and F2
(with some hydrogen impurity)(2); this group has recently extended
this work by developing a plasma-based system involving CF4 and H2 (3).
Another group, at Rice University, has reported growing diamond films
by a thermal process using a variety of halocarbon species including
methyl Lodide and bromoform (4). The efficacy of these systems
(especially the plasma-based system) lies in the presence of free
halogen atoms and the nature and stability of their chemical bonding
to diamond surfaces.

We have studied the interaction of both chlorine and fluorine
atoms with the diamond (100) surface in an ultrahigh vacuum
environment using atomic beams. X-ray photoelectron spectroseipy
(XPS) and low energy electron diffraction (LEED) have been uied to
determine the nature of the chemical bonding between theso atoms and
the diamond surface. The studies will, when complete, provide
information as to the stability of halogenatoms on diamond surfaces,

t Permanent Address: Department of ChemiLal Engineering, Vest
Virginia University
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whether they etch diamond at high temperatures, and whether they can
play a role in an atomic layer epitaxy scheme.

In addition, we also present preliminary data on halogen atom
interactions with the basal plane of graphite. There is already a
rich literature on the properties of both covalent and ionic forms of
graphite fluoride, the only known stable halogen-graphite compound (5).
Sato has noted that the covalent form of graphite fluoride involves
the conversion of planar sp2-bonded graphite to a 2-dimensional zigzag
structure with sp3 bonding (6). He states that this suggests that
graphite structures may be transformed to diamond structures through
bond formation with other elements.

EXPERIMENTAL

The experimental apparatus used in these studies comprises a
turbomolecular pumped, -liquid nitrogen trapped ultrahigh vacuum cell
(ultimate vacuum - 3 x 10-10 Torr) interfaced to an ion/sublimation
pumped analysis chamber. The diagnostics available in the analysis
chamber are x-ray photoelectron spectroscopy and low energy electron
diffraction. The sample is transferred between chambers using a
linear motion feedthrough with sample heating (1225 K) and cooling
(120 K) capabilities.

The 5 x 5 .2 (0.50 a thick) type 2A diamond substrate, provided
by Dubbeldee Harris, is highly polished with diamond grit and has a
specified surface roughness of less than 400 A; x-ray diffraction
results confirmed the orientation of the (100) crystal. Annealing the
diamond at 1225 K in vacuo removed all traces of oxygen and
contaminants within the 0.5% of a monolayer sensitivity of the XPS
diagnostic. Ion etching was not used as this produced graphitization
of the diamond surface. Simple (lxl) LEED patterns were observed at
beam energies as low as 45 eV; sample charging precluded observations
at lower bea, energies.

The graphite sample was a piece of highly oriented pyrolytic
graphite (HOPG) (7) that was cleaved in air using the "scotch tape"
technique. The sample was cleaned by heating it in vacuo to 700 K. A
basically hexagonal LEED pattern was observed, although the presence
of multiple domains complicated any interpretation of patterns. It
should be noted that HOPO is not single crystal graphite and the data
obtained in this study may be complicated by the lack of long range
order.

The fluorine atom source has been described in detail elsewhere
(8) Briefly, it consists of a miniature fast flow tube whose output
is sampled by a small aperture (40 jim), which produces an atomic or
molecular beam. A 5% fluorine in argon gas mixture (2 Torr) flows
(500 sccm) through an alumina tube which is surrounded by an
Evensou-type microwave discharge cavity, past the aperture, and

Cexhausts through a co-annular passage. Operating the discharge at
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70 W power produces nearly 100% dissociation of the fluorine. The
alumina flow tube is readily passivated and no recombination of
F atoms in the gas or on the walls is seen when the beam is sampled by
a mass spectrometer. Production of atomic chlorine requires
replacement of the alumina tube with a halocarbon wax coated quartz
tube. In addition, a skimmer with a 90 Um aperture is used to sample
the flowstream. Dissociation efficiencies of 60-70% are reached.

The XPS analyses were performed using a PHI 15 keV, Hg K x-ray
source and a PHI 15-255 GAR double pass cylindrical mirror electron
energy analyzer operated at a pass energy of 25 eV. The analyzer was
calibrated using the Au 4f7/2 peak at 83.8 eV and is accurate to
±0.2 eV. Due to the insulating properties of the diamond sample,
significant charging effects were observed. For this reason, diamond
spectra presented here are referenced to the C Is peak (285.0 eV) of
bulk diamond. This peak has a full width at half maximum (FVHH) of
1.4 eV and its assignment in never ambiguous. All spectra involving
the graphite studies are referenced to the C Is peak at 284.6 eV; no
charging effects were observed.

RESULT.

Figure 1 presents a C Is spectrum of an an annealed diamond
sample, and samples which have been exposed to saturation doses of
atomic fluorine and chlorine. The annealed spectrum consists of a
bulk peak at 285.0 eV and a shoulder at lower binding energy
(283.9 ±0.2 eV) associated with a diamond surface state (9,10). The
spectrum of the fluorinated sample reveals a new peak at 286.8 ±0.2 eV
associated with a carbon monofluoride species (10,11). The saturation
coverage for fluorine can simply be estimated by comparing the
relative integrated intensities of the surface diamond peak and carbon
fluoride peak. Assuming one binding site per carbon atom, a coverage
of appro: mately three quarters of a monolayer is obtained (12).

On the other hand, the XPS spectrum of the chlorinated diamond
sample is virtually indistinguishable from that of the annealed sample.
Thus, in order to obtain a value for saturation coverage, it is
necessary to measure the chlorine atom uptake using the C1 2p peaks.
The quality of the data is limited by poor signal levels and
fluctuations in beam intensity. By comparing normalized signal levels
for chlorine and fluorine and correcting for differences in
photo-ionization cross sections and spectrometer detection
efficiencies, the chlorine atom saturation coverage at room
temperature can be estimated at no more than half a monolayer.

The fact that the spectra of the annealed and chlorinated samples
are quite similar would seem to indicate that the chlorine
at'om-diamond surface interaction is fairly weak. This hypothesis is
confirmed by the data in Figure 2 which show the effect of heating a
substrate which had been saturated with chlorine atoms at 223 K and
measuring the residual chlorine concentration at each temperature. It
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is clear that the chlorine coverage is not stable at room temperature
and is completely desorbed at temperatures used in processing diamond
films. Similar data for fluorine, shown in Figure 3, show a carbon
fluoride adlayer stable to 700 I. This is consistent with the picture
of a fairly strong surface-atom interaction for fluorine indicated by
the formation of a distinct C-F XPS peak. This evidence raises the
questio as to whether F atoms etch diamond at high temperatures. It
should be noted that hydrogen atoms desorb as H2 even though etching
is energetically allowed (13).

Carbon Is XPS spectra of halogenated HOPG graphite show strong
similarities to those of halogenated diamond surfaies. As seen in
Figure 4, the spectrum of the HOPG basal plane exposed to chlorine
atoms is identical to that of the annealed sample. The measured
chlorine atom concentration is a small fraction of a monolayer.
Fluorine atoms, on the other hand, interact strongly with the graphite
surface, forming a C-F bond as shown by the observation of a new XPS
peak, -2.5 eV to higher binding than bulk graphite. This C-F peak
is virtually identical to that observed in bulk graphite fluoride
intercalation compounds (14) (also known as the ionic form of graphite
fluoride). But by integrating the F Is spectra and comparing the
observed intensity to that obtained on diamond, it is clear that no
penetration of the surface has occurred; the fluorine atom coverage
saturates at approximately 1/4 of a monolayer at room temperature.
Figure 5 presents Lhe amount of fluorine left on the surface at
various temperatures; the adlayer is quite stable until the substrate
is heated to approximately 550 K. Given that Rosner and Strakey (15)
found a sharp fall-off in fluorine-induced graphite etching below 1050
K, it is likely that the fluorine simply desorbs as opposed to
etching.

Molecular halogens do not seem to form stable halide adlayers
with either diamond or graphite. Molecular fluorine does leave behind
some residual adlayer on diamond, but this may simply be due to
surface defect induced reaction. Otherwise, virtually no traces of
halogen atoms could be observed at room temperature or at 473 K.

DISCUSSION

The data presented in this paper indicate that chlorine and
fluorine atoms will play quite different roles in any potential
diamond deposition scheme. Chlorine atoms are not strongly bound to
diamond surfaces at any useful temperatures and thus will not affeut
the deposition process to any great extent. Fluorine atoms, on the
other hand, form a stable adlayer at potential deposition temperatures.
Thus, they are probably suitable for an atomic layer epitaxy (ALE)
scheme, where they can be used to cap the surface. We will soon
perform experiments in this laboratory to determine if atomic hydrogeu
can be used to abstract fluorine atoms as a way of controlling diamond
growth. We will also determine if fluorine atoms simply desorb in
atomic or molecular form or if they etch diamond by forming volatile
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CFx species. From the preliminary data on graphite fluorination, it
would seem that halogen atoms will not convert graphite to diamond, at
least at the low temperatures and fluxes involved in this experiment.
Further experiments will continue to study graphite etching at high
temperatures. We will also attempt to form the covalent form of
graphite fluoride.
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Figure 1. XPS Spectra of Diamond (100) Substrates which have been
(from Top to Bottom): a) annealed at 1200 K; b) exposed to a
saturation coverage of fluorine atoms and c) chlorine atoms at 300 K.
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Figure 2. Thermal Stability of Chlorinated Diamond Layer. The
substrate was chlorinated to saturation at 223 K before heating.

ARelative chlorine concentrations are measured by integrating the C1 2p
XPS peak.
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Figure 3. Thermal Stability of Fluorinated Diamond Layer. The
substrate was fluorinated to saturation at room temperature before
heating. Relative fluorine concentrations are measured by integrating
the F la XPS peak.
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Figure 4. XPS Spectra of Graphite (Basal Plane) Substrates Which Have
Been a) Annealed at 500 K; b) Exposed to 40 ML of Atomic Fluorine; and
c) Exposed to 40 ML of Atomic Chlorine) at 300 K.
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Figure 5. Thermal Stability of Fluorinated Graphite Adlayer; the
Substrate Was Fluorinated to Saturation at Room Temperature Before
Heating.
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CHARACTERIZATION OF CVD DIAMOND FILMS WITH ATOMIC FORCE AND SCANNING
TUNNELNG MICROSCOPY

A. W. Phelps and T. W. Owens
University of Dayton Research Institute

cdo: Phillips Laboratory
Edwards AFB, CA 93523-5000

ABSTRACT

Images of CVD boron doped diamond films have been obtained by using
atomic force and scanning tunneling microscopes (AFM and STM). The
Images oomfirm cartler studies on the effects of boron additions to
diamond films during growth.

INTRODUCTION

It is our goal to use established diamond deposition processes to solve specific
engineering problems. Our current research involves analysis and application of
diamond films for bearing applications. Therefore, there is an Interest in the control of
microstructure and roughness of as-grown CVD diamond surfaces. A unique means of
Investigating these two features of diamond films is with the recently developed scanning
probe microscoples. Atomic force (AFM) and scanning tunneling microscopy (STM)
have been shown to be capable of atomic resolution on a wide variety of conducting and
insulating materials. These techniques appear to hold promise for the study of the
structure of CVD diamond films. This paper reports the results obtained by AFM and
STM examination of a series of boron doped CVD diamond films.

Scanning Microscopies

The development of the scanning microscopies has provided new methods of
Investigating surface chemistry and physics on an atomic scale of materials. Other
analytical techniques are incapable of examining the diamond surface from the
macroscopic to near atomic scale. There has been a large amount of work published on
the construction and use of these microscopes In the last five years. The reader is
directed to some general references on the application and use of scanning tunnelling and
atomic force microscopes. The operation and use of the STM [1] and the uses and
operation of the AFM [21 have been recently examined.

Typically, secondary electron microscopes begin to lose their lateral resolution
between 60 and 100 KX magnification or on features smaller than 500 nm in diameter.
Transmission electron microscopy Is possible in this magnification range, but extensive
samples preparation Is usually necessary for this technique and the average TEM is
incapable of atomic resolution. There Is a significant problem with the use of electron
beam based microscoples for the examination of diamond. Diamond Is usually an
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insulator and typically requires a conductive coating of gold or carbon to be applied to
the sample surface in order to avoid charging effects on the Image. Modifying the
diamond surface in this way makes It unsuitable for other characterization techniques.
The AFM does not require any sample preparation.

Born in CVD Diamond

A series of CVD diamond films were examined by AFM and STM to observe the
effects of boron doping on their morphology. Boron doped CVD diamond films have been
made by several different techniques and have been found to simulate natural type lib
semiconducting diamond. Boron doped diamond growth on diamond and other substrates
has been described in a number of recent works (3, 4, 51.

Sato et al. (1987) [3] grew their boron doped diamond films by microwave
plasma enhanced CVD with diborane as the dopant dource. They noted several changes in
film properties with variations In amount of diborane added to the gas phase. The
electrical conductivity of their films were found to increase with increased diborane
flow similar to that observed others (41. Significant reductions In the background of the
Raman spectra of boron doped diamond films have also been observed [4, 5]. The changes
observed in the Raman spectra scaled with the amount of boron added to the system.
Features observed in the Raman spectra of diamond films have been suggested to be the
result of defects in the diamond structure and boron doping of the material appears to
substantially affect its Raman spectra [71.

Additions of noncarbon atoms to the growth environment of CVD diamond have
been predicted to result in the formation of a smaller number of structural defects
during growth [8, 9]. Bernholc et al. (1988) [81 predicted that with boron as a dopant
...the reduced self-diffusion activation energy should lead to better quality material."

The presence of the boron atoms would also result in a lowering of the surface diffusion
energy during CVD crystal growth needed for the carbon atoms to align themselves In
their preferred crystal structure. This doping model suggests that the crystalline
quality of a standard undoped diamond film will be Improved by an addition of boron
during growth.

EXPERIMENTAL

The atomic force and scanning tunneling microscopes and electronics used in this
study were made by Digital Instruments, Santa Barbara, California. The microscopes
were operated and Image acquisition was performed using the Nanoscope II operating
system and software. Atomic force Images were obtained with the Nanoscope II system
from a very simple sample arrangement. This microscope operates in air or can be used
in a controlled atmosphere glovebox or under a drop of oil etc. This study was performed
in air. Sample preparation consisted of mounting a piece of CVD diamond onto a sample
stub. The diamond was deposited onto a silicon wafer and was cut down to approximately
1 cm2 so that it could fit in the microscope. The wafer was mounted to the top of a
cylindrical piezoelectric translation element. This tube provides a stable, low drift,
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three dimensional scan that varies in size depending on the overall length of the tube.
This study was performed using two different scan heads. Each head contained a
piezoelectric element of different length. The maximum lateral scan length of one head
was approximately 1 lm and that of the other was approximately 13 Pim. Both heads are
capable of being used to observe atomic structure although the head with the shorter scan
length has a much greater degree of lateral resolution and a smaller amount of hysteresis
during raster. The tip of a mirrored, triangular, cantilever is placed in near contact
with the sample surface as the sample is restored beneath the tip. Variations in surface
topography are detected via a laser beam reflected into a photo diode from the tip of the
cantilever.

The microscope hardware and software provided the capability to image the
sample surface in either a height or applied force mode for the AFM and in either a
height or current mode for the STM. Height mode Imaging with the AFM is performed by
controllng the voltage applied to the z axis of piezoelectric element in order to hold the
sample and the cantilever at set contact force (distance) and then using the changes in
the voltage applied to the piezoelectric to produce an Image in conjunction with the x-y
raster on the CRT. Force mode imaging is performed by keeping the z voltage constant
and imaging the changes in voltage produced by the deflection of the cantilever tip. The
height mode was used in this study in order to have enhanced vertical resolution and to
avoid damage to the cantilever tip and the sample. Similar means are used in the STM for
height and current imaging but with the current being the observed parameter.

The samples of boron doped CVD diamond films examined in this study were
prepared by microwave plasma deposition with various amounts of diborane added to the
feedstock gas during deposition. The various levels of diborane in the feedstock gas
provided different doping levels of boron in the films. A detailed description of the
deposition parameters for these films is provided in [6). The effects of boron on the
diamond films were observed by four point electrical probe measurments and Raman
spectra [4, 61. The surfaces of the films had a matte appearance and were blue-grey in
color.

The growth parameters used for the diamond deposition were not optimized to
produce diamond films with the sharpest Raman spectra. These films were grown at a
reasonably rapid rate in the microwave device. Fast in this context means uniform
diamond films four to five microns thick were deposited In the space of about five hours.
The Raman spectrum of the undoped film shows the presence of a significant amount of
graphitic bonding which would not have been present under slower film growth
conditions.

RESULTS

A limited number of AFM and STM images are presented here. These techniques
have shown themselves to be singularly capable of Imaging unprepared diamond surfaces.
Figures 1 through 4 show the surface features of the series of diamond films whose
growth environment had an Incrementally increased diborane content. Figure 1 shows
the undoped diamond film. Figure 2 is an image of the diamond film grown in the
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presence of 100 ppm diborane. The Image was obtained at a similar magnification as
Figure 1 and shows that the morphology of the film has undergone a marked change when
some diborane was added to the growth environment. Figure 3 is an AFM image of a
diamond film grown In the presence of 180 ppm of diborane and Figure 4 is of the film
grown In the presence of 300 ppm diborane. The crystallites in Figures 3 and 4 are
much larger than those in Figures 1 and 2 and much more euhedral showing the effects of
further boron additions. Figure 5 shows an STM Image of the diamond film grown with
300 ppm diborane. This film was continuous and fairly pinhole free. Tunnelling had to
occur through the bulk of the diamond film. The film grown in the presence of 180 ppm
diborane did not tun..el and attempts to in.-ge it with the STM resulted In numerous tip
crashes. One aspect of this study provided a large amount of frustration.

Numerous attempts have been made to image the atomic structure of the surface
of diamond with the AFM. Figures 1 through 4 show features on the diamond film surface
that are observable down to tens of nanometers but resolution is usually lost below
approximately 30 nm scan width images. Atomic scale Images have yet to be obtained
with the AFM. It has been suggested that a force between 100 and 1000 times greater
than that typically used to obtain atomic images on graphite may be needed to produce an
atomic image of the diamond surface [10. This has yet to be confirmed, but it was found
during the course of this study that it was possible to maximize the force on the
cantilever tip on this Instrument and still be unable to image atoms. Atomic imaging of
graphite and muscovite surfaces is a fairly routine process. However, the operational
parameters typically used for those materials do not apply to diamond.

Obtaining images of diamond on an atomic scale will be very useful for
understanding the surface crystal structure and nature of defects and doping in the
diamond. At present, most atomic imaging is being done on bulk samples in high
resolution transmission electron microscopes (HRTEM) and surface structure studies
are being perforn',ed with low energy electron diffraction (LEED) [11, 121. The AFM
and STM could serve to answer many questions about the material that these techniques
are as yet unable determine.

SUMMARY

It is clear from Figures 1 through 4 that the addition of diborane to the growth
environment has a very large effect on the crystallite morphology and size in addition to
the previously examined conductivity and Raman spectra. The atomic force microscope
is uniquely suited to the study of the the surface morphology of diamond films. This
technique has shown its usefulness in the study of the effects of a changing deposition
environment on the microstructure of CVD diamond films. Results obtained from a
series of boron doped diamond films confirms earlier work on the effects of boron
additions to the diamond film growth environment.
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Finure 1. AFI imaen of C"D diamond film - undoned.

Figure 2. AFM image of CVD diamond film -

100 opmr Dihorane.
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Fir~urs 3. AFM image of CVO diamond film
180 npm Diborane.

Figure 4. AFM image of CUD diamond film-
300 porn Diborane.
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Finurp 5. 9TM image of CVD diamond film -

300 oom Miborsne.
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DIAMOND: WHAT, WHEN, AND WHERE

Max N. Yoder
Electronics Division

office of Naval Research
Arlington, Virginia 22217

ABSTRACT

A brief history of artifact diamond films is
presented. Several basic approaches to growth are
heuristically presented within the successful
boundary conditions for such growth followed by
qualitative results. New approaches to growth are
presented with an emphasis on their basic
differences with past approaches. Applications are
presented as a function of their market size,
introduction date and dependence on research
advances.

WHAT is all the recent activity in diamond all about? The
answer is films, films, and more films. Although artifact
diamond films could be grown as early as the 1960s, their
growth rates were abysmal and their quality uncertain. The
advances of the mid and late 1950s in high pressure, high
temperature artifact diamond were so striking and industrial
production so certain and profitable that research in films
waned -- except in the U.S.S.R. There it was found that the
combination of atomlo hydrogen and hydrocarbons was
efficacious in the deposition of diamond films. This work was
further developed by the Japanese at the National Institute
for Research in Inorganic Materials (NIRIM). Their major
contribution was the introduction of the microwave plasma
whereby the atomic hydrogen concentration (deemed so necessary
in diamond film growth) could be significantly increased. The
successes in Japan soon stimulated research in the USA, and
more recently in Western Europe, Canada, Australia, India,
China, Union of South Africa, and Taiwan. Diamond research
programs are now underway in most industrialized nations.

The vast majority of the diamond films being deposited
use the basic process whereby a hydrocarbon gas is diluted in
hydrogen. Nucleation on non-diamond substrates is usually
preceded by scratching the substrate with a diamond paste and
using a feed stock mixture of up to 4% hydrocarbon in
hydrogen. While such a mixture stimulates diamond nucleation,
it does not lead to high quality diamond films. The highest
quality films grown by this basic procedure use but 0.5%
hydrocarbon dilution in hydrogen.
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There are four commonly employed procedures for the
creation of the essential atomic hydrogen from the mixture.
The first is the aforementioned microwave plasma. Its basic
advantage is the relative ease with which a very dense and
high temperature plasma may be created in a comparatively
small volume. The direct current plasma is also widely used
in various configurations. Its basic advantage is the
extremely high plasma temperatures it provides. It can be
statistically shown that higher growth rates ensue from high
plasma temperatures. Although not yet proven, the higher
plasma temperatures engender a greater number of very simple
hydrocarbon radicals and it is probably that these short-lived
radicals contain more of the immediate precursors most suited
to diamond growth. The radio frequency (RP) plasma sources
provide advantages of uniformity over large areas. The hot
filament approach to diamond film growth offers a conceptually
unlimited large area uniformity advantage, but suffers from
filament aging, a comparatively low "plasma" temperature, and
the increased probability of film contamination by filament
material. Argon or other noble gases are frequently used as
carrier gases in the plasma systems as a means of stabilizing
the plasma and increasing the lifetime of the atomic hydrogen.

The introduction of oxygen into the feed stock mixture
was recently shown to be efficacious from a number of
perspectives. The reason for this can be derived from Table
I. To do this, one must first recall why atomic hydrogen was
believed to be so essential for diamond film growth. When the
surface of diamond is unterminated, the carbon bonds dangling
from its surface will reconstruct as unwanted sp2 pi bonds.

Table I.

APPROXIMATE BINDING ENERGIES TO DIAMOND

Terminating S ~ecies Binding Energy
(kCal/mol)

Oxygen 127
Fluorine 107
Hydrogen 101
Carbon 88
Hydroxyl (OH) 85
Chlorine so
NO 42
Nickel low
Copper very low
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This reconstruction predisposes to the graphitic allotrope of
carbon thereby preventing subsequent diamond growth.
Hydrogen, however, is both a blessing and a curse. As seen in
Table I, it binds to the diamond surface with an energy
greater than that of carbon! Its tenacious hold can be broken
by kinetic bombardment with another proton during molecular
(H2) reformation at an energy of 104 kCal/mol. Statistically
it is known that for every 104 such atomic hydrogen
abstractions, only one is replaced by carbon. The process is
thus very inefficient. Moreover, approximately 0.1% of the
hydrogen atoms remain in the diamond film. At substrate
temperatures above 850 OC, hydrogen is also energetically
driven from the diamond surface but again is predominately
replaced by other hydrogen rather than by carbon. For this
reason, diamond film growth using the method of hydrocarbons
diluted in hydrogen is best accomplished at temperatures above
850 OC. The introduction of oxygen significantly relaxes the
acceptable conditions under which diamond films will grow. An
examination of Table I indicates that oxygen binds to the
diamond surface with an even greater tenacity than does
hydrogen. It is thus very improbable that the presence of
oxygen results in an oxygen-terminated diamond surface.
Although the means by which this happens has not been fully
ascertained, two possible reasons are postulated. The first
is that since atomic oxygen bonds to hydrogen with an energy
of 118 kCal/mol, this may be (depending on barrier height)
sufficient for its presence to abstract a carbon-terminating
hydrogen atom from the diamond surface and thus provide a
greater "frequency" of carbon dangling bonds to be
reterminated with carbon. A more probable postulate, however,
is that hydroxyl radicals are formed and that it is these
radicals that terminate the surface. From Table I it can be
seen that they will bind to the diamond surface with slightly
less energy than does carbon. Thus they will desorb at much
lower temperatures (e.g., 450 OC). In the presence of
energetic protons, it is energetically favorable (117 kCal/mol
vs 85 kCal/mol) to form H20 and detach from the surface with
an even greater frequency. Oxygen addition to the feed stock
has been accomplished in many forms. While the most common
are ..,e addition of CO and 02 to the feedstock, various
alcohols have also been used to replace hydrocarbon
feedstocks. CO diluted in H2 has also proven successful as
has the addition of CO2 to hydrocarbons diluted in hydrogen.
Diamond does not usually grow when the atomic oxygen
concentration exceeds the atomic carbon concentration since
the formation of CO and CO2 is energetically favorable to that
of diamond formation. Peter Bachman has statistically
compiled the results of published experiments using oxygen in
the feedstock (1). Successful diamond growth accrues within
a narrow range of mixtures. An abbreviated description of the
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Bachman findings is shown in figure 1 and denoted as the magic
Bachman wedge. It is only within the shaded narrow wedge of
the triangle that diamond has successfully been grown.
Recently diamond films have been shown to grow without any
dilution in molecular hydrogen gas (2) (3). The only hydrogen
present during growth derives from the hydrocarbon feed stock.

The seemingly necessary requirement to maintain the
diamond surface with a terminator apable of inhibiting the
unwanted carbon pi bonding requires considerably more
investigation. How low can the binding energy be and still
prevent the unwanted reconstruction? Since it appears that
the lower this terminating energy is (at least in the case of
the hydroxol), the easier it is to grow diamond, other species
should be investigated. From Table I it would seem that NO
may be the next appropriate choice of terminatinq radicals.
Its binding energy is less than half that of the carbon-carbon
bond in diamond. One possible disadvantage of this approach
is that residual nitrogen left in the films would be
inappropriate for semiconducting diamond. Thermal
conductivity would also be decreased. Since the C-N bond is
actually stronger than the C-C bond, residual nitrogen could
further strengthen and harden the diamond films.

The use of halocarbons provides an alternative to
hydrocarbon feedstocks. A prima facie case for the use of
halocarbons cannot be made from casual observation of Table I.
Indeed, it would appear to be counterproductive to use
halogens for terminating the diamond surface and the most
common one exhibits binding energies stronger than that of
hydrogen. The efficacy of the halogens lies not in their
binding energy to carbon, but in their binding energy to
hydrogen. The H-F bond is 134 kCal/mol. The halogen atom on
any halocarbon radical absorbing on a hydrogen-terminated
surface has a 100% probability of abstracting the hydrogen
from the diamond surface and forming an HF molecule. This
abstraction leaves a nascent carbon dangling bond on the
surface and in nearest proximity to it a halocarbon radical.
The probability of 'this halocarbon radical terminating the
dangling surface bond is extremely high. Using such
extraction/exchange mechanisms, it should be possible to grow
diamond at room temperature.

When will diamo)nd film growth be emancipated from the growth
rate inhibiting restrictions of surface terminators? Soon.
Diamond is known to grow at substrate temperatures approaching
1500 'C (4) (5) (6). At these temperatures the lifetime of
any surface terminators is extremely short-lived. Although
the selectivity ratio governing the replacement of surface-
terminating bonds with hydrogen or carbon is most probably not
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significantly changed, the frequency of occurrence is
appreciably increased.

Total emancipation from the hydrogen curse has also been
demonstrated. The first such hydrogen-free growth was by the
implantation of a large (i.e., 1011/cm2 ) fluence of carbon ions
into single crystalline copper (for which there is no
measurable solubility for carbon) and by virtue of the 900 0C
temperature, effusing the carbon to the surface whereupon it
formed a 50 nanometer thick single crystalline diamond film
heteroepitaxially oriented to the underlying copper (7). This
experiment by Johan Prins and Horace Gaigher is thought to be
best reproduced under conditions wherein any non-diamond
carbon allotropes are actively and completely removed from the
surface during the nucleation. In this situation the diamond
film appears to grow from its underside and that (presumably
by virtue of the heteroepitaxial relationship between the
diamond and the underlying single crystalline copper) tnwanted
pi bonding does not accrue. While the carbon-copper bond
energy is not accurately known, it is apparently sufficient
(at least when heteroepitaxial orientation occurs) to prevent
the unwanted diamond reconstruction.

A most interesting and officacious variation of the Prins
technique was subsequently published (8). Here the carbon
implanted copper was subjected to a 45 nanosecond duration
laser pulse of up to 5 Joules/cm2 -- an energy level
sufficient to melt the copper. A 50 nm thick single
crystalline diamond film resulted. The growth rate translates
to about 4000 meters/hour! Although the exact temperature was
not given, copper melts around 1380 OC. Presumably, the
temperature did not exceed 1477 °C above where it is
improbable that diamond can grow (4).

Further analysis of the liquid-copper-induced diamond
nucleation and subsequent growth is in order. The volume
expansion of copper upon melting is small. Therefore the
copper bonds (although flexible) are still of substantially
the same length as in the solid (and hence within about one
percent of those of diamond). As such, they could influence
the nucleation of effusing carbon into the diamond allotrope.
If the diamond was, in fact, nucleated and partially grown
while the copper was still in the molten state, this procedure
is not that different from the formation of common ice, from
the formation of silicon boules, or from the formation of
gallium arsenide boules pulled through liquid boric oxide from
an underlying molten GaAs melt. More recently, 1-2-3 high
temperature superconductors have been spontaneously nucleated
and grown on the surface of oxide melts. If such nucleation
on the surface of a molten copper surface can be ascertained,
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then even greater possibilities arise. Individual islands of
diamond nucleation on such a surface are free to rotate. As
such islands coalesce, they are free to rotate in such a
manner so as to configure at their lowest energy state if the
time constants are appropriate. Conceptually, this means the
elimination of grain boundaries and large area single
crystals. Figure 2 illustrates a means of accomplishing this
over a larger area than possible with a laser pulse. For such
nucleation to happen, it is mandatory to maintain the copper
surface absolutely free of carbon until the copper is actually
melted so as to prevent a non-diamond carbon seed from
forming. An iridium crucible may be necessary for cleanliness
and the carbon "feedstock" introduction delayed until growth
temperature is reached.

A hundred years ago aluminum was more costly than gold.
Today it litters our highways! Hydrogen-free growth
techniques are seen as the most-plausible approach to reducing
the cost of diamond film growth.

What is the material whose properties are most likely to
represent the extremus of all values in any matrix table of
materials and their physical, optical, acoustical, and
electronic properties? Diamond, of course. Even when the
value for diamond does not represent an extremus (e.g.,
electron mrlilitf), its other extremus properties (e.g.,
charge carrier velocity at high electric field) permit the use
of clever applications that circumvent it less-than-
superlative properties. It is because of these superlative
properties that diamond films will become ubiquitous.

Where will diamond be applied? Diamond is noted for its
corrosion resistance. At temperatures under 1000 OC only
oxygen containing materials will attack diamond. The U. S.
Navy spends $200,000,000 each year in reduced fuel efficiency
and drydocking because of barnacles and corrosion. The world-
wide merchant marine spends even more. Not only do barnacles
not attach to diamond, but diamond coatings would protect
underlying steel from salt water corrosion. For this
promising application and solution to be consummated, a lower
cost method of applying diamond films must accrue. A more
realistic possibility is that of diamond coating for
artificial heart valves so as to eliminate the need for
patients to require blood thinners for the remainder of their
lives. Still other anti-corrosive biological applications
include virtually all prosthetic device implants or their
coatings.
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Several properties of diamond combine to render it the
material of choice for optical coatings. Being the hardest
and strouigest of all applicable materials, it does not easily
shatter when impacted by a raindrop at mach 4. Having a low
loss tangent and very broad optical spectrum of transparency,
diamond is ideally suited for use in radomes used in dual or
multispectral eluctromagnetic systems. By far the largest use
of diamond optical coating6, will be in military systems. As
lower temperaturo (i.e., halogen-based) growth techniques
become better understood, the coating of plastic optics (e.g.,
eyeglasses) will aLso see widespread application. Still other
applications of dianond optical coatings include those of
coating solar cells and IR detectors with diamond anti-
reflection films. Such coatings reduce deterioration
resulting from microparticle abrasion.

Natural diamond is unexcelled in thermal conductivity.
Homoepitaxial diamond films appear to be equally superlative.
Polycrystalline diamond films exhibit thermal conductivities
of up to 14 W/0C-cm in the direction of growth. Isotopically
pure diamond may exhibit thermal conductivity 50% higher than
that of natural diamond. The combination of its thermal
attributes with its erosion and corrosion resistance render it
ideal for fluid flow heat exchangers. By combining microwave
loss tangent with dielectric constant and thermal conductivity
a figure of merit for diamond as a substrate for electronic
integrated circuits is derived. A comparison is shown in
Table II where loss tangents are taken in the millimeter wave
spectrum. The coefficienit of thermal expansion for diamond is
much less than that of most semiconductors. This aspect is
mitigated by the ability of diamond to keep the semiconductor
temperature rise to a minimum and by the ability to bond
extremely thin (e.g., < 1 micron) semiconductor integrated
circuits to diamond by Van der Vaals bonding wherein small
lateral translation is tolerated, but vertical adhesion
remains strong as does thermal conductivity.

TABLE II.

Material Dielectric Loss Thermal FOM
Constant Tangent Conductivity
(relative) (x 10') (W/cm-°C)

Diamond 5.5 6 20 0.6
BeO 6.5 5 2.5 0.07
cBN 5.8 6* 131 0.37
Sapphire 9.0 10 3.5 0.04
AIN 8.0 5* 3.2 0.08

* value uncertain # theoretical
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It is as a semiconductor that diamond may find its
ultimate application. The first such application is most
likely to be that of a solid state cold cathode. Whereas
thermionic cathodes operating at 1100 OC tend to be rather
inefficient, exhibit a built-ir wear-out mechanism ( amperes
times hours is a constant), and are subject to "poisoning" of
the surface by oxygen at pressures as low as 10-11 Torr,
diamond appears to be immune from all of these. If fact, the
efficiency of diamond cathodes is actually improved by
exposure to oxygen (10). While thermionic cathodes used in
cathode ray tubes typically exhibit emission density of 10
A/cm2, semiconductors typically exhibit current densities of
several x 103A/cm2. Although diamond cold cathodes have not
yet exhibited such emission current density, they are within
striking distance of replacing thermionic devices. Even
polycrystalline diamond has been shown to emit electrons. In
separate demonstrations, polycrystalline diamond has been
grown with predominately {111} faces; it is the {111} face of
diamond that has the negative electron affinity property.

Diamond has a higher dielectric strength than any other
semiconductor (107 volts/cm) and higher charge carrier
velocities at high electric fields than do other
semiconductors. By virtue of these properties, the figure of
merit for diamond as a microwave power amplifier exceeds that
of silicon by a factor of 8200. Its high bandgap (5.5 eV)
renders it most useful for high temperature operations in that
leakage current is negligible at temperatures of 300 Celsius.
While its high frequency performance potential obviously
degrades at high temperatures, it still exhibits the highest
performance at the highest temperature of any known
semiconductor. The high bandgap also renders possible an
ideal configuration for a photodetector of ultra violet, x-
ray, and other radiation. Since it has negligible leakage
current at room temperature and above, the conventional need
for a P N junction is eliminated. The ability to construct
such a detector in such a simple manner as a parallel plate
capacitor not only reduces fabrication cost, but improves the
electric field distribution across the diode thereby reducing
signal dispersion caused by unequal fields presented the
electrons and the holes in conventional devices. Insulated
gate Field Effect Transistors (FETs) made of diamond can also
be simplified -- they need no channel backdoping to reduce
leakage. This also eliminates ionized impurity scattering.

Whore are the markets? When will they materialize? The
cutting tool and hard surfacing markets will be well developed
by the end of the decade. In that time span these markets for
diamond films will easily exceed $1.5 B/yr. All other diamond
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film products are expected to reach $0.5B.'yr by 2010 if the
diamond semiconductor device market does not materialize. If
it does, that market alone could reach $1B/yr.
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ABSTRACT
The use of boron and lithium as dopant impurities in diamond has been
investigated using diborane and lithiim fluoride as in situ dopant
sources. The lithium was investigated as a possible a-type dopant. The
diamond material, grown by rf plasma discharge at low pressure, was
characterized electrically and microstructurally. The boron was found to
be p-type, as expected, with an activation energy of 0.24 eV. The lithium
doped material was also found to be p-type with a similar activation
energy. SIMS data indicates that the lithium doped samples also contain
significant concentrations of boron, enough to account for the electrically
active species. However the mobility of the carriers in the Li/B doped
material seem to be somewhat higher. Schottky barrier diodes were
formed on the Li/B doped material which showed good rectifying
behavior. The minority carrier diffusion length in the material was
estimated from EBIC measurements to be - 0.5 pm. The lithium
appears to be electrically inactive in this material, although it may
improve the electrical characteristics of the material. IGFET devices
were fabricated in the B doped and Li/B doped materials using a selec-
tive deposition fabrication scheme. The boron doped device exhibited
a transconductance of 38 pS/mm.

Introduction
The extremely selective nature of the plasma activated diamond deposition

process, provides a very useful and flexible vehicle for device fabrication sequences.
Other workers have already reported diamond insulated gate field effect transistor
(IGFET) fabrication using selective diamond deposition with a sputtered quartz insula-
tor [11. The doping of active layers for diamond devices is a crucial topic and is
currently under study by several groups 12,3,41. Boron has been established as a p-type
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The B doped samples were determined to be p-type as expected with a carrier den-
sity in the 101 cm- 3 range. Two levels were seen in the plot of carrier density vs. tem-
perature as shown in Figure 1. One had a low activation energy of 0.0062 eV, and the
other had an activation energy of 0.24 eV. The origin of the low activation energy level
is unknown at this point. The 0.24 eV level is more characteristic of B activation in
diamond 131. Hall mobilities measured were on the order of 45 cm2/Vsec. It is likely
that the B is compensated by some other level in the diamond, possibly a damage or
crystalline defect related level.

Lithium samples were also characterized by Hall measurements. Data from a
heavily Li doped sample is shown in Figure 2. Data from a more lightly doped sample is
shown in Figure 3. Both samples exhibit p-type behavior, which was unexpected. The
activation energies of the acceptor levels in the samples seemed surprisingly close to the
level measured for the boron doping. The lightly doped sample did however exhibit the
higher mobility than the B doped sample.

SIMS analysis of the heavily Li-doped sample showed both Li and B in the film.
The amount of Li was - 1021 cm-1; the amount of B was 1018 cm- 3. The source of
the B is at this point undetermined; however, it is likely to be a deposition system com-
ponent. It is very probable that the p-type behavior is from the boron in the film and
not the Li. The Li does, however, seem to have a beneficial effect on the electrical pro-
perties of the film.

Gold Schottky diode structures were fabricated on a heavily lithium-doped sample
that had received a 30 minute hydrogen plasma treatment (1500 watts of RF power into
the plasma), at 5 Torr, at approximately 700' C. These diodes showed good rectification
behavior with a turn-on voltage of 2.5 V and a breakdown voltage of 6 to 8 V. The
reverse leakage current at 6 volts is on the order of 12.5 pA/cm2. Gold contacts which
had been deposited on material doped with boron alone (which had received a similar
hydrogen plasma treatment) exhibited ohmic behavior.

The Au Schottky contact was used to perform electron-beam induced current
(EBIC) measurements. EBIC was used to estimate the minority-carrier diffusion
lengths. A thin Au Schottky contact was used for charge collection, and the induced
current was measured as a function of distance, in plan-view, from the contact. For
primary beam energies from 10keV - 20 keV, the minority-carrier diffusion length was
measured to be 0.5pm. This compares with measured minority-carrier diffusion lengths
of - 3pm in natural type lib diamond (B-doped) 17).

Diamond IGFET Fabrication and Testing
Transistor structures were fabricated on a Type IA natural diamond (100) sub-

strate from Drucker-Harris. The diamond substrate was cleaned using a conventional
RCA wet chemical clean (81. Polysilicon layers as well as SiO-polysilicon composite
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layers were used as masking materiaL,. During diamond deposition the top layer of the
silicon is carbonized making it impervious to the hydrogen etching environment. It was
found that SiO2 masks were remove . by the hydrogen environment if no oxygen was
used in the process. The composite structure assures that the carbonized silicon layer
can be removed from the wafer. The mask was patterned using standard lithographic
techniques and wet etching to open holes for deposition of the conducting p-type dia-
mond areas. Following diamond deposition, the silicon mask was etch removed. The
sample was then coated with a 250 A RPECVD SiO2 gate dielectric. This process has
been used to deposit low temperature, gate-quality dielectrics on Si and other semicon-
ductors [9,10). Titanium gate electrodes were formed using liftoff. Source-drain con-
tact openings were patterned and openings etched in the oxide using buffer HF solution.
Titanium contacts were formed using liftoff. The contacts were ohmic as deposited.
The gate length and width of the transistors was 8pm and 50pm, respectively.

Two types of working IGFET structures were fabricated, one using boron doping
alone and one using the lithium doping. In both cases a major limitation on the device
fabrication process was control of the dopant concentration.

The boron doped diamond IGFET source drain I-V characteristics are shown in
Figure 4. The device showed transistor action characteristic of a p-channel, depletion
mode device. The device cannot be pinched off with the available gate voltage. Th,--
leakage current is most likely due to defects in the material or surface leakage. The
maximum transconductance of the device is 38 #S/mm at 8 V drain to source. The
transconductance of the device is slightly larger for the 1 to 2 V gate step than for the 0
to 1 V gate step. This increase in transconductance with increasing depletion is indica-
tive of a relatively high density of surface states at or near the diamond/SiO 2 interface.
The geometry of the FET is such that the source to gate resistance is on the order of
2 x 106 (). This resistance would decrease the transconductance of the device by a fac-
tor of about 2.

The diamond material used for the transistor channel had a resistivity of 12 fl-cm.
The specific contact resistance of the titanium contacts on this material were measured
using a transmission line model test structure. The specific contact resistance is 0.09
O-cm 2. Titanium contacts were also fabricated on heavily boron doped material with a
resistivity of 0.08 1-cm. These contacts exhibited a specific contact resistance of
1.4 X 10- 4 1-cm2. Such layers could be used for contact layers to reduce parasitic
resistances in the source and drain using an additional selective diamond deposition
step.

The Li/B doped diamond IGFET source drain I-V characteristics are shown in Fig-
ure 5. This device exhibited much better saturation behavior than the boron doped
device. This device has a more lightly doped channel than the boron doped device as
evidenced by the lower saturation current. This device showed both depletion and
enhancement behavior. However it is not clear whether this enhanced current is due to
accumulation of a conducting layer at the surface or just un-depleting of the channel. It
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is likely that, since the doping level is approximately 2 orders of magnitude lower in this
device than the first device, the channel is nearly fully depleted at 0.0 V gate bias. The
device has a substantial leakage current. Comparison of this leakage current level with
the leakage between isolated devicea indicated that the current is principally substrate
current.

Conclusions
In situ B and Li doping of diamond has been carried out using a B2Hs gas source

and a LiF solid source in a low pressure rf diamond deposition process. The B was
found to be p-type with an activation energy of 0.24 eV. The Li was judged to be
electrically inactive in the material evaluated here. The activation energy of the con-
ductivity along with SIMS data on impurity levels indicated that the conduction is
probably due to unintentionally incorporated B in the film. The Li appeared to have
some beneficial effects on the electrical properties of the the doped diamond films. This
effect requires further study. Working IGFET devices were fabricated using the B
doped material and the Li/unintentional B doped material. A maximum transconduc-
tance of 38 pS/mm was measured for the B doped device. Improvements in device per-
formance could be achieved through reducingthe source drain parasitic resistances and
by improving the diamond/SiO2 interfacial characteristics.
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SIMULATION OF DIAMOND POWER DIODES
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Abstract: The performance of the diamond power
pin diodes is studied by using the 2D device
simulator SCORPIO. A comparison is made
between the electrical properties of Si and
diamond diodes in a wide temperature range.
The results show, that the diamond devices may
be operational even at 900 K. Further, the
breakdown voltages in excess of 10 kV and high
current density operations are possible in
diamond. However, due to the large energy gap
the on state losses are in the diamond diodes
larger than in the silicon diodes.

INTRODUCTION

Today practically all the power semiconductor devices are
made of silicon. The rapid development of the silicon
technology has also affected the semiconductor power
devices in such a way, that some of the device structures
are now approaching their ideal performance, which is
achievable in silicon (1). This does not necessarily hold
true for all the device structures in all the voltage
classes, but in any case the research of the
semiconductor materials, which could replace silicon, has
by now been active for several years (2). The
semiconductors with the wide forbidden energy bandgap
such as silicon carbide and diamond have been anticipated
to be excellent candidates for the replacement material
of silicon because of their high speed, high temperature
and high power properties. Several articles have recently
emphasized the superiority of the material figures of
merit calculated for SiC and diamond as compared to those
of silicon (3,4,5). However, in the calculations of the
figures of merit typically a few of the numerous material
parameters are needed, only. In the real devices
practically all the material parameters affect the
performance, and, in addition, the depences of the
parameters on the dopant concentrations, electrical
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fields and temperature have to be taken into account.
Consequently, it is not in advance self-evident, that all
the device structures made of SiC or diamond will be
superior to equivalent silicon devices in all of the
various operating conditions.

In this article we report simulated results on the
electrical performance of the diamond power pin diodes in
a wide temperature range. These results are compared with
results obtained for the equivalent silicon structures.
The simulations are made for both the forward and reverse
bias in the dc terminal conditions. This work is a part
of the larger research project, which is aimed to study
the performance of the semiconductor power devices made
of SiC and diamond. In addition to the pin diode the
device structures of interest include at least Schottky
diodes and vertical JFET devices (SIT). In the first
phase of the research we rely on the methods of the
numerical simulations of the device physics, which are
well established with the silicon structures. Since the
material parameters of diamond and SiC greatly differ
from those of silicon, this work is at the same time a
direct test of the applicability of the familiar device
simulation codes, which work satisfactorily with the
silicon devices, to the wide bandgap materials.

SIMULATION AND PHYSICAL MODELS

In addition to the figures of merit the electrical
performance of the devices made of the wide bandgap
materials has been theoretically estimated so far in one
publication, only (3). In Ref. (3) the temperature
dependence of the electrical response of the Schottky and
abrupt Junction diodes has been calculated by using the
well known analytical expressions. In our case the
calculations of the electrical properties of devices were
made with the 2D device simulator SCORPIO (6).

SCORPIO solves the Poisson equation and the drift
diffusion current continuity equations for the electrons
and holes (7). In these equations tne difference between
the materials are contained in the physical model
functions, which describe the mobility, diffusivity and
generation and recombination properties of the charge
carriers. The model functions in turn depend on the
charge carrier concentrations and electric field, thus
making the set of the differential equations to be solved
highly non linear. The dielectric constant is contained
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in the Poisson equation and is generally taken to be
constant.

Our model functions for the mobility of the electrons and
holes include the influence of the temperature, doping
and carrier densities and electric field with the
saturation of the carrier velocity at high fields (7,8).
Consequently, we write

g - ,o(T/To)m(l+(goE/vs)P)-"/0, (1)

where

11o " Amin+ (9max+9min) (1+(NT/Nref)k)-i (2)

NT - 0.3 4(NA+ND)+O.66(p+n). (3)

Here T is the absolute temperature, E the absolute value
of the electric field and vs the saturation velocity and
To-300K. Further,, NA, ND, p and n are the acceptor,
donor, hole and electron concentrations. The other
parameters in Eqs. (1)...(3) depend on the material and
are given in Table I. In our case the diffusion constants
are related to the mobilities with the Einstein relation.

In the generation and recombination model we include the
Shockley Read Hall, Auger and impact ionization
mechanisms. Thus

R - RSH R + RAU + RII ,  (4)

where

RSHR - (pn-ni 2 )/(rp(n+ni)+tn(p+ni)) (5)

RAU - (PCp+nCn)(pn-ni2) (6)

RII (apJp+anJn)/e. (7)

e is the elementary charge and Jn (Jp) is the absolute
value the electron (hole) current. Moreover

an,p - An,pexp(-En,p/E). (8)

Finally, the temperature dependence of the intrinsic
carrier density is modeled with the expression
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ni(T) - ni(To)(T/To)3/2 Bxp(-Eg/2kBT+Eg/2kBTo), (9)

where kB is the Boltzmann constant and Eg the forbidden
energy gap. The analytical form of the model functions
and the values of the model parameters depend on the
reference used. Of course, here the user has to make a
trade off between the simplicity and the limits of the
validity of the model.

TABLE I silicon diamond

Pmax,n (cm2/Vs) 1360 2000

Amaxn (cM2/Vs) 495 1800

Aminn (cm2/Vs) 92 250

Amin,p (C12/Vs) 48 200

Nrefn (cm-3) 1.3*1017 like Si

Nref p (cm-3) 1.7*1017 like Si

vs,n (cm/s) 107 2.7*107
vs,p (cm/s) 8*106 2.5*107
On 1.18 like Si

Pp 1.21 like Si

m 2.42 2.5
kn 0.91 like Si
kp 0.76 like Si

er 11.8 5.5

Tn (S) 4*10-5 10-9

(S) 2*10-5 10-9

CP (cm6/s) 10-31 like Si

Cn (cm6/s) 7*10-32 like Si
An (1/cm) 106 106

Ap (1i/cm) 1.5*106 106
En (V/cm) 1.4*106 5.7*107

Ep (V/cm) 1.8*106 5*107

ni(To) (cm- 3) 1.4*1010 10-22
Eg . (eV) 1.12 5.45

In our case the models are relatively general and can ex-
press most of the usual physical depences. One missing
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thing is the doping dependence of SHR-recombination
parameters, which is usually taken into account.

Table I lists the parameters of Eqs. (1)...(9) for
silicon and diamond. As is clear from Table I, all the
parameters for diamond are not available from the
literature, and in these cases we have to rely on the
structural similarity of silicon and diamond. As to the
SHR parameters the values of Tn and Tp are exceptionally
small for diamond. In diamond the forbidden energy gap
between the conduction and valence bands is indirect (9),
and, thus it should be possible to achieve values, which
are closer to those of silicon. In principle the model
functions describe very complicated physical phenomena,
and it is no wonder, that commonly accepted parameter
values exist only for the very extensively studied
materials such as silicon.

RESULTS AND DISCUSSION

The simulations were carried out on the silicon and
diamond pin structures at the temperatures from 300 K up
to 900 K. For simplicity the structures were taken to be
strictly one dimersional. The length of thG structure was
chosen to be 45 pm, but a few results were also
calculated for a diamond diode with the length of 4.5 gm.
Further, the donor concentration in the lightly doped
central region is 1014 cm"3 . So, in our case the lightly
doped region is n-type also in diamond, although in
practise the diamond films tend to be p-type. With these
dimensions and dopings the breakdown voltage of the
silicon diode should in the ideal case be around 800
V...900 V, and, thus, with the long SHR recombination
time (20 gs) it would represent e.g. a power rectifier
diode. The doping profiles of the heavily doped n- and p-
type contact regions were first calculated using the
Monte Carlo simulator TRIM, which can estimate the ion
implantation profiles of the dopant atoms in several
substrates. We have boron and phosphorus as the dopants.
These profiles were then fitted to the gaussian functions
and put in SCORPIO. Since the diffusion of the impurity
atoms were not considered, the depths of the two contact
regions remain approximately at 350 nm and the maximum
concentration is roughly 1019 cm"3 in both contacts.

The calculated breakdown voltage in the 45 gm silicon
diode is 800 V, and this value is in good agreement with
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the text book rules of thumb for the breakdown
calculations. The corresponding value in the 45 pm
diamond diode is 14100 V, and thus the value for diamond
is 17.6 times higher than the value in silicon. In our
case the breakdown voltages remain independent of the
temperature, because no temperature effects were included
in Eq. (8), and most of the breakdown calculations were
for simplicity made using the avalanche integral (8,10).
At 300 K the agreement of the avalanche integral with the
sudden increase of the reverse current at the breakdown
voltage was confirmed, only. In fact the breakdown
voltage should increase with increasing temperature (10),
and thus the room temperature value is the worst case
estimate in the power applications.

In the planar silicon technology the breakdown voltages
of the devices is often controlled with the diffused
field rings (8). Typically, the deeper the diffusion the
easier is the field ring design, whereas the blocking of
high voltages with shallow diffusions may propose a very
demanding design problem. Thus it may partly depend on
the diffusion properties of the electrically active
impurity atoms, whether the material advantage in the
electric breakdown offered by diamond can be fully
utilized in the real devices.

Fig.l shows the reverse current densities as a functions
of the reverse voltage in the 45 gm silicon and diamond
diodes at several temperatures. At 700 K and 900 K the
leakege currents in the Si diodes are very high. Further,
the minor dependence on the applied voltage at high
temperatures indicates the dominant role of the diffusion
current over the generation current in Si (11). Usually
in the silicon power devices the leakage currents are
considered to be at the acceptably low level at 150 C
(423 K). From Fig.1 it is seen, that the leakage current
in the diamond diode at 900 K is the same as the leakage
current in the Si diode at 400 K. This gives a hint, that
as far as the leakage is considered the diamond devices
may be a working solution even at 900 K. One should note,
that in Fig.1 the recombination lifetime for diamond (1
ns) is much shorter than that in Si (20 gs). Were we
comparing the devices with the equal lifetimes, the
advantage of diamond would be even clearer.

In Fig.2 we have the forward current densities for the
same structures and temperatures as in Fig.l. The curves
for silicon show the normal temperature dependence of the
leakage current and the saturation of the forward
current, when the applied forward voltage becomes
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comparable with the energy gap (10). This is quite
similar to the situation in the signal diodes, although
the temperature dependence in the pin structres is a bit
more complicated. In the diamond diode the curves show
qualitatively similar behaviour as in silicon, but the
forward current capability remains much smaller than in
Si. This is due to the large band gap and short
recombination time or diffusion length of diamond. These
facts are further illustrated in Fig.3, where we have
the electron concentrations in the silicon and diamond
diodes at 300 K and at equal current densities. In both
cases the electron concentration is high in the n-type
contact region near the origin and vanishes in the p-type
anode on the right. The Si device is in the high
injection mode and the excess carrier density is
practically flat throughout the structure. On the other
hand in the diamond diode slight modulation over the
background density is seen near the pn- juntion, only.
However, if the recombination lifetime is increased from
1 ns to 100 ns, the diamond diode operates in the high
injection, too. This is shown in the uppermost curve in
Fig.3. Fig.4 indicates, that the increase in the
recombination time significantly increases the forward
current density and the comparison with Fig.2 gives a
preliminary result, that the diamond diode is capable of
operating at higher current densities than the Si diode.
However, the large bandgap of diamond still leads to the
higher on state voltage. In Fig.5 the diamond diode is
also capable of the higher current operation, when we are
comparing the devices, which are almost in the same
voltage class.
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DIAMOND COLD CATHODES

M. W. Geis, N. N. Efremow, J. D. Woodhouse, and M. D. McAleese
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Robust, high-current-density (> 1000 A cm"2) cathodes would have wide

applications if such devices could be made. Most cathodes are composed of very reactive

materials that cannot withstand exposure to air or water. However, there is a class of

wide-bandgap (> 5 eV) materials, including NaCl, MgO, SiO2 , and diamond, that have

their conduction band within 1 eV of the vacuum energy level, even in the presence of 02

and H20. Most of these materials are insulators because of low charge-carrier

concentrations, low mobilities, and high trap densities, and they are therefore unacceptable

for high current density cathodes. However, diamond can be doped either n- or p-type

and grown with sufficient quality to have low trap densities and high carrier mobilities,

making it a semiconductor instead of an insulator. Here, we report on diamond cold

cathodes, which we believe are the result of diamond's negative electron affinity.1

The diamond cold cathodes are produced by forming diodes in p-type,

semiconducting diamond using carbon ion implantation into heated (320*C) substrates, as

described by Prins.2 After implantation, the substrates are coated with 1 gm of electron-

beam-evaporated Al, which is patterned into 60 x 60-pm squares on 100-jim centers using

standard photolithography. The substrates are then etched to a depth of 1.1 pm with ion-

beam-assisted etching. The Al squares are used as a mask to form mesa structures

consisting of Al, carbon-implanted diamond, and substrate, as shown in Fig. 1.

Emitted current densities as high as 10 A cm "2 with emission efficiencies (emitted

current divided by diode current) of > 10-5 were easily obtained when passing current
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through these diodes. Figures 2 and 3 show the anode current as a function of anode

voltage and as a function of diode current, respectively. The cathodes are not affected by

cleaning in an oxygen plasma, water, or acetone. The presence of oxygen in the vacuum

chamber at a pressure of - 10-2 Tort was found to increase the emission efficiency during

cathode operation, as shown in Fig. 4, but hydrogen had little effect at the same pressure.

These are the most robust cold cathodes reported to date. Although the emission

efficiencies are low, they are the highest for any non-cesium-coated cathode, 3 and with

different geometries both current density and emission efficiency are expected to increase.
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IMPLANTED n-lw! r AND

Fig. 1 Schematic drawing of a diamond cold cathode. The
diode current (ID) was varied from 0. 1 to !10 mA with a bias
voltage (VD) of -60 to -150 V. The anode voltage (VA) was
usually 100 V, and the anode current (IA) varied from 1 x
10-13 to 5x 10-7 A.

-100 100ANODE VOLTAGE V

Fig. 2 Anode current (IA) as a function of anode voltage
(VA) for a diode current (ID) of I mA.
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ABSTRACT

The electrical characteristics of an Al/undoped/B-doped polycrystalline
diamond structure have been investigated. B-doped diamond films
containing various B to C ratios were deposited on ( 11I) oriented B-doped
Si substrates by a microwave plasma chemical vapor deposition. For gas
phase B to C ratios of 40 ppm and below, the resistance of the B-doped
diamond films increased from 2 to 7 orders of magnitude after an annealing
treatment at 525 °C. Such a large change in a resistance after an annealing
treatment has been attributed to the dissociation of hydrogen from diamond
films. Undoped diamond layers were deposited for 60 min in a second
growth chamber. The existence of a bilayer structure was confirmed by
secondary ion mass spectroscopy. For the film with a gas phase B to C ratio
of 400 ppm, significant improvements in the rectifying characteristics could
be obtained with the insertion of an undoped diamond layer.

INTRODUCTION

Diamond has a number of attractive characteristics including mechanical strength,
high thermal conductivity, optical transparency, and various electrical properties(l). With
regard to electronic applications, diamond is expected to be suitable for electronic devices
to be operated under hostile conditions such as high temperature and high radiation, or at
high frequencies. This is due to its wide bandgap(5.5 eV), high breakdown voltage(106-
107 V/cm), and low dielectric constant(f,=5.68). There has been an increased interest in
using diamond for electronic devices since the success in producing diamond thin films
by a Chemical Vapor Deposition (CVD) technique(2). Recently, several goups have
reported active devices such as a Field Effect Transistors(FET) fabricated from
homoepitaxial diamond films(3,4). However, in the case of homoepitaxial diamond
films, a single crystal diamond substrate is required, and the active device area is limited
to less than a square centimeter due to its cost and size. Despite recent successes in
heteroepitaxial growth of diamond films on c-BN and single crystal Ni substrates, more
efforts will still be required to use these systems for the fabrication of electronic
devices(5,6). On the other hand, it is possible to deposit polycrystalline diamond films on
large areas, such as a 4" Si substrate, by using a microwave plasma CVD method(7). The
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possibility of using polycrystalline diamond films for electronic devices should be
investigated along with improving the overall crystal quality and examining critical issues
such as carrier scattering at grain boundaries and surface roughness. Here, the
improvement of rectifying characteristics using an Al/undoped/B-doped polycrystalline
diamond metal-insulator-semiconductor (MIS) structure is reported and the thermal
instability of the polycrystalline B-doped diamond films is also discussed.

EXPERIMENTAL

A schematic diagram of the Al/undoped diamond/B-doped diamond structure is
shown in Fig. 1. P-type (11 1)-oriented B-doped Si substrates with a resistivity of less
than 1 fl.cm were used. Prior to deposition, 20mm x 10mm substrates were polished
with 0.25 pm diamond paste for I hour in order to increase the diamond nucleation
density. A microwave plasma CVD system, similar to that described in Ref. (8), was
used for the preparation of B-doped and undoped diamond films. The arrangement of the
reactor used in this work differs in that a vertical configuration was employed rather than
the horizontal chamber described in Ref (8). At first, several B-doped diamond films with
different B to C(B/C) ratios in gas phase were deposited on the Si substrates using Ci1,
diluted in H2 to 0.5% as a source gas, and B2H6 as the dopant gas. During deposition,
the total gas pressure and substrate temperature were maintained at 35 Torr and 800 oC,
respectively. B-doped diamond films were deposited for 7 hr and the film thickness
obtained was approximately 1.0 -1.1 pm. The B/C ratios in the reaction gas were 4, 20,
40, 200, and 400 ppm. After preparation, the samples were diced into 5mm x 5mm
sections, and then cleaned in H2SO 4 at 80 oC for 10 min, followed by a standard RCA
cleaning technique(9). After the RCA cleaning, samples were dehydrated on a hot plate at
120 OC for 5 min. The atomic B concentrations of these films were determined by
Secondary Ion Mass Spectroscopy(SIMS). Oxygen ions(15 keV) were used as primary
ions and B+ ions were detected. A B-implanted(150 keV, lxl0 15 cm-2) type Ia single
crystal diamond standard was used to calibrate the atomic B concentration. Also,
resistance as a function of temperature(25 OC-525 oC) was investigated using a point
probe method. Undoped diamond layers were deposited for 60 min on B-doped diamond
films in a second growth chamber in the absence of B2H6. Other than the preparation time
and the addition of 0.1% oxygen to the reaction gas, the growth conditions of undoped
diamond layers were the same as those of B-doped diamond layers. As will be reported
elsewhere, the introduction of oxygen in the gas phase dramatically reduces the B
incorporation in the grown film. The undoped layer was grown in the presence of 02 to
minimize auto-doping effects. Aluminium, 2000 A-thick, was deposited on the diamond
films using an electron beam evaporation technique. During evaporation, the chamber
pressure was maintained below 5x10-7 Torr. Circular dots with 100 pm diameters were
patterned photolithographically on the Al and this mask was then used to etch the
unwanted metal by using an Al etchant solution. Ohmic contacts were formed on the back
side of the Si substrate using silver paste.

RESULTS & DISCUSSIONS

The depth profile of the atomic B concentration for the films with various B/C
ratios is shown in Fig. 2. Note that the atomic B concentration is quite uniform with
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respect to depth, and increases with increasing B/C ratio. The variations in the atomic B
concentration at a depth of I pin are due to the interface between the diamond film and Si
substrate. The resistance vs. temperature characteristics of B-doped diamond films were
measured by using tungsten point probes and a hot stage in air. A series of temperature
cycling was investigated, and the resistance vs. reciprocal temperature characteristics of a
B-doped diamond film with a B/C ratio of 4 ppm is plotted in Fig. 3. In general, the
samples were maintained at the measured temperature for 5 rin prior to the resistance
measurements. At first, the resistance of this film was measured during heating to a
maximum temperature, 250 oC, and subsequently cooling to room temperature. The
resistance of the film increased by an order of magnitude due to this heat treatment at 250
OC. Subsequently, the sample was heated to 350 OC, and then cooled down to room
temperature. At this time, the resistance of this film increased by 5 orders of magnitude as
compared to that of the as-grown film. However, the resistance of this film decreased by
more than 3 orders of magnitude after this film was kept at room temperature for 12
hours. It is not clear what mechanism caused this decrease in resistivity, but this
phenomenon has been reported previously by Totterdell et al(10). Finally the same
measurements were performed with heating to a maximum temperature of 525 OC. As a
result, the resistance increased by at least 6 orders of magnitude as compared to that of the
as-grown film, and remained constant over time. This indicates that the resistance of B-
doped diamond films can be stabilized by a heat treatment at 525 OC. It should be noted
that the downturn of the plotted resistance in Fig. 3 for the cool down cycle is an artifact
and is due to an instrument limitation of 5x10 13 0. The calculated activation energy, EA,
of the heat-treated film was in excess of 1.0 eV. This indicates that the conductivity of the
diamond film is due to defects or other impurities, since the activation energy that has
been reported for lightly B-doped diamond is approximately 0.37 eV(1). The atomic B
concentration of the same film was determined to be 5x10 17 cm- 3 by SIMS. In
comparison to a 525 OC-annealed undoped diamond film, however, this film was equally
as resistive and exhibited a similar activation energy. The resistance before and after heat
treatment at 525 °C vs. B/C ratio is summarized in Fig. 4. For B/C ratios of 200 ppm and
above, a heat treatment does not change the resistance of the B-doped diamond films. On
the other hand, for B/C ratios of 40 ppm and below, the resistance increased by 2 to 6
orders of magnitude after a heat treatment at 525 CC. In summary, the resistance of B-
doped diamond films, as deposited, were thermally stable for B/C ratios of 200 ppm and
above, corresponding to an atomic B concentration of 3-4x1018 cm "3 as determined by
SIMS.

Several researchers have already reported the drastic increase in resistivity after a
heat treatment in the case of CVD undoped diamond films and lightly B-doped diamond
films(l 1-15). According to their explanations(12), an anneal treatment causes the
evolution of hydrogen from diamond films, and as a result, defects, which had been
passivated by hydrogen, are reactivated and carriers are trapped by these defects. If it is
possible to apply these explanations to the results, the following speculation is possible.
Since the defect density after a heat treatment at 525 OC is larger than or equal to the
carrier concentration due to B for B/C ratios of 40 ppm and below, the carrier
concentration, and thus the conductivity, dramatically decreases due to compensating
defects. For B/C ratios of 200 ppm and above, the compensating trap density is below the
carrier density resulting from the B impurities. Thus, the resistance remains constant
irrespective of a heat treatment. According to the SIMS results, the atomic B
concentration of the films with a B/C ratio of 200 ppm is less than twice that of the film
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with a B/C ratio of 40 ppm. Although the activation of B im purities may change in this
regime, this variation cannot account for over two orders of magnitude increase in the
resistance of the annealed sample. After heat treatment, the ionized carriers must exceed
the trap density in order to contribute to the contribute to conductivity.

Thin, undoped diamond layers were deposited for 60 min on B-doped diamond
films with a B/C ratio of 400 ppm in a second growth chamber. In order to confirm a
bilayer structure in terms of atomic B concentration, SIMS measurements were
performed. The atomic B concentration depth profile of this bilayer structure is shown in
Fig. 5. Note that there is an approximately 2500 A-thick undoped diamond surface layer
with an atomic B concentration less than 1017 cm-3. As a result, the atomic B
concentration of the undoped diamond layer is more than 2 orders of magnitude less than
that of the underlying B-doped diamond film.

To obtain current-voltage (I-V) characteristics of the MIS structure, a Hewlett
Packard Co. 4145B Semiconductor Parameter Analyser was used. Typical I-V
characteristics of an Al Metal/Semiconductor (MS) contact and a MIS contact are shown
in Fig. 6. Both measurements were perfwimed prior to any anneal treatment. Poor
rectification was observed for the MS structure without an undoped diamond layer. The
rectification ratio (If/I) at 5 V was around 3. However, the rectifying characteristic was
dramatically improved with the addition of the undoped diamond layer between the metal
electrode and B-doped diamond films. The reverse leakage current at 5 V was several
micro-amperes, and the rectification ratio at 5 V was more than 103. This result obtained
here is similar to that observed for the case of homoepitaxial diamond films(3).

Reverse leakage current decreased and the breakdown voltage increased with the
addition of an undoped diamond layer between the Al metal electrode and the B-doped
diamond films. The barrier height of a Schottky diode, 0BP, is generally determined by
the metal work function, on,, the semiconductor electron affinity, Y,, and the
semiconductor bandgap, E , in the casc' of p-type semiconductor(assuming an unpinned
Fermi level at the surface). Thus, theo.'*.tically the same barrier height, 0Bp, exists
irrespective of doping concentration. However, the depletion layer is very thin in the case
of heavily B-doped films, since the thickness of the depletion layer is proportional to the
inverse square root of the carrier concentration. As a result, in the case of an MS
structure, carriers can easily tunnel through the thin depletion layer. Alternatively, the
current transport mechanism is dominated by field emission theory, so that a clear
rectification could not 5e observed. However, the tunneling current through the thin
depletion layer could be reduced by including the undoped diamond layer between the
metal contact and the B-doped diamond. As a result, rectifying characteristics could be
obtained. It is important to note that rectifying characteristics could be obtained by
adopting this MIS structure, despite an atomic B concentration of 1019 cm- 3 in the B-
doped diamond film.

CONCLUSIONS

The increase in resistance of B-doped diamond films due to a heat treatment was
systematically investigated. For B/C ratios of 200 ppm and above, there was little change
in the resistance regardless of the heat treatment. However, for B/C ratios of 40 ppm and
below, the resistance of the B-doped diamond films drastically increased after the heat
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treatment at 525 OC. The lower the atomic B concentration, the larger the increase in the
resistance after the heat treatment. It is speculated that these phenomena have an intimate
relation with the dissociation of hydrogen from the film and the compensation of carriers
by electrically activated defects. Ile electrical characteristics of an Al/undoped
diamond/B-doped diamond (MIS) structure using polycrystalline diamond films have also
been investigated for the film with a B/C ratio of 400 ppm. The existence of a bilayer
structure was confirmed by SIMS. Poor rectification was observed for the MS structure
sample, while rectifying characteristics could be dramatically improved in the presence of
the undoped diamond layer.
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Figure 1. Cross-sectional schematic diagram of an AJ/undoped
diamond/B-doped diamond Metal-Insulator-Serraconductor structure.
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Figure 2. Atomic B concentration vs. Depth as determined by Secondary Ion
Mass Spectroscopy. Note the increasing B-concetration with respect to
the B to C ratio in the reaction gas.
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Figure 3. Resistance vs. Temperature of B-doped diamond films with a gas
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Figure 4. Resistance vs. B to C ratio in the reaction gas for B-doped diamond
films. Note that the pre- and postanneal measured resistances for B to
C of 200 ppm and above are the same, indicating a thermally stable
film.
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ABSTRACT

Several metallizations have been demonstrated to produce ohmic
contacts to semiconducting diamond through a solid state reaction process.
This process is compatible with existing micro-electronic techniques and
produces adherent contacts exhibiting low contact resistance. Investigated
here is the long-term reliability of these refractory metal-diamond contacts
at the elevated temperatures for which diamond devices are intended.
Measurements of resistance as a function of time with Mo/Au contacts on a
Type Ilb diamond crystal are presented for temperatures in the range 450
to 625 °C with isothermal annealing times of greater than 130 hours in a
purified inert ambient.

INTRODUCTION

There is an established need for electronic devices that operate reliably at
temperatures ranging from 400 to 600 0C. Sensors and control devices mounted on or in
aircraft engines at temperatures from 500 to 600 oC for periods of up to 100 hours are
needed for increased design feedback, and diminished testing and maintenance costs.(1)
Electronics to be used in planetary-surface space probes must be able to operate at surface
temperatures above 500 OC for extended periods of time.(2) The use of geothermal wells
as an alternative energy source will require devices operating at extended time periods at
temperatures in excess of 600 OC. These are temperatures far above those temperatures at
which silicon and gallium arsenide cease to function as semiconductors, their intrinsic
limits are 350 and 450 °C respectively. Devices based on these ubiquitous electronic
materials are able to meet some high temperature needs only with the added presence of a
cumbersome cooling apparatus. The added we .,ht due to such cooling equipment accounts
for over one half of the payload in current space-based vehicles, constituting a major
expense at a launch rate of $6000/pound. The existence of devices intended for
application in high temperature environments would not only meet existing needs, but also
allow sensor or control access to areas not previously considered. Due primarily to the
wide band gap (5.5 eV) and the unequaled thermal c.nductivity (20 W/cm2K), diamond,
with an intrinsic limit of 1100 OC, appears to be a device material well suited to meet these
special device needs.(3) Included in proposed devices, many of which have been realized
in the laboratory,(4-6) are rectifying liodes, Gunn diodes, LEDs, transistors,
photodetectors and nuclear radiation sense.s, and therrnistors.(7) All aspects of the
diamond device must meet the demands of the operating environment, but many of the
critical device characteristics have not yet been demonstrated at high temperature.

A process utilizing conventional photolithographic techniques for forming low-
resistance, strongly adherent ohmic contacts by metallization of diamond has previously
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been developed(8-10) and successfully employed with natural bulk diamond(l1) and
synthetic Oiamond films.(12) This process includes the deposition of a carbide-forming
metal on diamond followed by the deposition of a thin film of gold to protect the metal
from corrosion. The refractory and quasi-refractory metals that have been demonstrated
to form these ohmic contacts include molybdenum, titanium, and tantalum. The final and
most critical step of the process is subjecting the metallized sample to a high temperature
anneal in a purified-hydrogen ambient.

Extnsive characterization of the ohmic contacts resulting from this solid-state
reaction process was performed using Auger electron spectroscopy, secondary ion mass
spectrometry, Rutherford backscattering spectrometry, scanning electron microscopy, X-
ray diffraction, and optical metallography. It was determined that, during the annealing
process, the refractory metal reacted with the diamond to produce a carbide precipitate by
means of a nucleation-and-growth mechanism at the metal-diamond interface. The strong
adherence and low resistance of these contacts are attributed directly to the carbide
precipitates formed.(8)

This metallization process has produced ohmic contacts to diamond that fulfill four
essential requirements for high temperature devices. The process is compatible with
present micro-electronic processing techniques- the contacts are strongly adherent; they
exhibit low specific contact resistance(10 - fL-cm 2), and they operate at high
temperatures.(12,13) Here we investigate the long-term reliability of these ohmic contacts
in the high temperature interval, 450 to 625 °C.

EXPERIMENTAL

The sample used was a < 100> bulk, p-type semiconducting (Type-Ilb) diamond in
the shape of a square plate, 5 x 5 x 0.25 mm3. The natural boron concentration is
considered to be on the order of 1015/cm3 and the room temperature carrier concentration
on the order of 1013/cm 3 (14)

The polished sample was cleaned in a saturated solution of Cr2O3 in H2SO4 for 10
minutes at 160 OC followed by a de-ionized water rinse. This removes any graphitic layers
that may be present.(11) This was followed by an acetone rinse and then a soak in boiling
methanol for 4 minutes to remove any surface contaminants. Using plasma-assisted CVD,
a 200 nm layer of silicon nitride was grown on the sample surface. Standard
photolithographic techniques and a Shockley transmission-line-model (TLM) mask were
used to pattern openings in the silicon nitride. A 10 nm layer of molybdenum followed by a
150 nm layer of gold was deposited on the sample in an ion-pumped, UHV evaporating
chamber. Electron-beam heating was employed for the refractory metals and resistive
heating was used for the gold. The pressure during the evaporation was 108 Torr, and the
rates of deposition for Au and Mo as measured vith a crystal monitor were 0.4 nm/s and
0.05 nm/s, respectively. The remaining photcresist and that part of the Mo/Au layer
above it were subsequently etched away with acetone. A TLM pattern of rectangular 120 x
300 tam2 Mo/Au mesas separated by Si3N4 remained on the diamond surface. The sample
was then annealed in a purified hydrogen ambient at 950 0C for 6 minutes in order to form
the carbide contact. The Si3N4 was left in place to prevent spreading of the Au during the
anneal. The details of the entire process and a discussion of optimum annealing time can
be found elsewhere.(8,9)
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The sample was mounted in an organically cleaned alumina chip carrier and was
held in place with a tungsten clip. Gold wires were wire bonded to Mo/Au contacts that
were separated by distances of 10, 20 and 30 gm. The other ends of the leads were
attached to gold-plated pad contacts on the chip carrier. The carrier was then mounted in
the apparatus shown in Figure 1.

This apparatus was designed for variable-temperature, electrical-transport
measurements of diamond samples. Strict control of the ambient in the measurement
space is essential, not only to prevern oxidation of the metal in the apparatus, but also to
prevent a transformation from diamond to graphite which happens in the presence of
oxygen or water vapor at elevated temperatures. There is also mounting evidence that
adsorbed gases have a significant effect on the measured electrical properties of
diamond.(1l,15-19) It is for these reasons that the sample was placed in a quartz chamber
sealed at the cold end with a viton o-ring, and that the ambient inside the chamber was
limited to purified argon gas. This gas was obtained by passing technical grade argon
through a purifier system that employs hot titanium chips. This getter system removed
non-inert contaminants before the argon entered the measuring space. The purity was
monitored continously by a hygrometer situated in the outgoing gas line. Backflow into the
system is prevented by a check valve in the outgoing gas line and a continual positive
pressure as monitored by a mineral oil bubbler at the end of the line. These precautionary
steps allowed the entire investigation to be performed with the ambient at a dew point of
less than -115 oC (less than 0.3 PPB water weight in air).

The sealed quartz chamber provided an air-tight space and stability for high
temperatures, and allowed for the radiative heating of the sample from the furnace coils.
The heat was controlled by a Variac attached to the furnace coils, and the temperature
inside the chamber was measured with a K-type thermocouple in a stainless steel sheath
attached to the stainless steel support as shown in Figure 1. The long annealing times
inherent in the experiment provide for adequate thermal equilibrium within the
measurement apparatus. Without a feedback mechanism for the furnace cc",,, dhe
temperature tended to slowly and randomly drift as much as 3% about a mean
temperature during the extended measuring periods. The copper electrical leads were fed
into the measuring space through an insulating ceramic rod which was sealed at the cold
end. These leads were attached to the chip carrier leads usipg BeCu clips. The resistance
between contacts was measured with a Keithlcy 617 electrometer and was continuously
monitored with a chart recorder. The measuring chamber was shielded from light to
eliminate photoconductive effects.

RESULTS AND DISCUSSION

The resistance of the sample was continuously monitored for a period of nearly 36
days. The first data were recorded immediately after the sample was placed in the
measurement apparatus and before the quartz chamber was purged. The chamber was
then purged with the purified argon gas at room temperature for a period of 15 hours.
This resulted in a vast increase in resistance, from 17.2 ka before the purge to 790 kfl
after,

The effects of exposure to hydrogen plasma on the electrical characteristics of
natural Type Ila (17) and Type Ia and Type Ilb (18) diamond crystals and on synthetic
diamond films(16-19) have been the subject of many recent investigations. In those
studies, it was demonstrated that this exposure severely decreases the measured resistance
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of the diamond sample by as much as five to ten orders of magnitude. It has been
suggested that this effect is due to hydrogen passivation of deep level traps, and that high
temperature annealing effectively removes the hydrogen, causing activation of the traps
and an accompanying rise in resistivity.(17,18) Using nuclear resonance reaction analysis
to determine hydrogen depth profiles in diamond CVD films, Celii et al(19) have
concluded that in diamond films, the majority of the hydrogen is not eliminated but is
simply displaced to grain boundaries.

Hydrogenation occurs in CVD diamond films due to the hydrogen plasma utilized
in the growth process,(16) but bulk diamond crystals are not routinely exposed to plasmas.
The types of plasma used to hydrogenate the diamond samples in the above studies include
rf, microwave, and dc plasmas at various temperatures and pressures, and for various
exposure times. It has been suggested that hydrogenation is independent of plasma power
and the hydrogen pressure, and it is limited only by the diffusion rate of hydrogen into
diamond.(18) Where it was studied, the de-hydrogenation, or re-activation of the traps was
accomplished with a high temperature anneal, resulting in the restoration of the high
measured resistivity.

The HIb sample in this study was exposed to an rf plasma during the growth of the
silicon nitride layer prior to metallization. The sample was positioned directly in an rf
plasma created from SiH4 (silane), and NH3 for 25 min at 325 OC. This is consistent with
the above hydrogenation methods, but the 950 OC anneal of the contacts in molecular
hydrogen may have been another potential source of hydrogen.

The sample was heated over the course of 15 days to 500 OC where stability in the
resistance was eventually observed. The electrical resistance at thermal annealing times in
excess of 130 hours were measured at three temperatures, 500, 600 and 450 OC
consecutively. The resistance between all lead pairs were measured, and all pairs exhbited
qualitatively identical behavior. The electrical resistance at these three different
temperatures as a function of time for the contacts separated by 50 pum is shown in Figure
2. Each solid line represents the mean resistance at a given temperature. The variation of
the resistance about each mean temperature is Jue to the slow variation of the ambient
temperature in the quartz chamber as described in the previous section. The resistance
simply tracked with that temperature variation. It should also be noted that the maximum
temperature investigated was a constraint imposed by the measurement apparatus and not
by the sample or the contacts.

The sustained sensitivity of the contacts to electrical changes in the material can be
seen in Figure 3 where both the resistance and temperature are plotted as a function of
time for one temperature region, 600 oC. The resistance consistently maintains an inverse
relationship with respect to temperature, as would be expected for semiconducting
diamond, and it does so reproducibly. Focusing on one fixed temperature over the course
of time, reveals differences in resistances of no more than 1% . It is clear from the
resistance data that the contacts are stable against drift or degredation in the times and for
the temperatures investigated.
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CONCLUSION

A previously developed metallization technique was used to form ohmic contacts to
a Type llb bulk diamond sample. The resistance between the contacts was measured
during long thermal annealing times in excess of 130 hours at temperatures of 450, 500 and
600 OC. The Mo/Au contacts appeared to be stable and reliable at these high
temperatures with no indication of deterioration or degradation of performance.
Indications of hydrogen passivation were observed and a long thermal anneal was used
before reported measurements were taken.
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Figure 1. Apparatus used for electrical resistance measurements of the diamond sample.
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ABSTRACT

The effect of thin interfacial films of SiO 2 (-20 A) on the electrical
characteristics of metal ,ontacts fabricated on polycrystalline and
homoepitaxial diamond films has been studied. These films were grown
using plasma-enhanced chemical vapor deposition techniques. In order to
minimize the effect of defects and / or hydrogen on the metal contact
characteristics, these films were annealed at 950*C for 30 min. Metal-
semiconductor contacts were formed by electron-beam evaporation of
aluminum on both as-received and annealed polycrystalline films, whereas,
gold metallization was used for the homoepitaxial film. Active diode dots
were defined by a standard photolithographic process. It has been
demonstrated that the introduction of a thin Si0 2 film at the interface
between the metal and the diamond semiconductor film allows the
fabrication of a rectifying contact, that is not otherwise possible for the films
studied here.

INTRODUCTION

Semiconducting diamond, as a potential material for high temperature, high speed
and high power device applications, has been the subject of some excellent reviews (1, 2).
A number of these devices will rely on a rectifying metal / semiconductor contact for their
operation. A metal / semiconductor contact also provides a suitable vehicle for electrical
characterization of the device material. However, it has been observed that the formation of
good rectifying contacts is not always easily accomplished on diamond films grown by
chemical vapor deposition (CVD) (3). Contacts established with Al or Au on CVD films
exhibit highly resistive ohmic or nominally asymmetric behavior, whereas these metals can
be used almost routinely to form rectifying contacts on synthetic (4) and natural
semiconducting diamond crystals (5). In the case of CVD grown homoepitaxial films, a
chemical treatment in a hot CrO, + H2S0 4 solution has enabled the fabrication of Au
rectifying contacts (6). Characteristics of rectifying contacts on CVD grown films of both
homoepitaxial (7) and polycrystalline diamond (8) have been improved by growing an
insulating undoped diamond film on a previously deposited B doped semiconducting film.
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In the present investigation, the effect of thin interfacial SiO 2 films on the electrical
characteristics of metal contacts fabricated on B doped polycrystalline and homoepitaxial
films has been studied. It has been demonstrated that the introduction of a thin SiO2 film at
the interface between the metal and the diamond semiconductor film allows the fabrication
of a rectifying contact, that is not otherwise possible for the films studied here.

EXPERIMENTAL DETAILS

Both the polycrystalline and homoepitaxial B doped diamond films used for the
study were grown using plasma-enhanced chemical vapor deposition (PECVD) techniques.
The diamond films were materially characterized by scanning electron microscopy (SEM)
and by Raman Spectroscopy. In addition, secondary ion mass spectroscopy (SIMS)
analysis of selected samples were performed in order to determine the atomic concentration
of B in the films.

As-deposited diamond films

A microwave plasma CVD reactor described in reference (9), was employed in this
study for the deposition of the polycrystalline diamond films. These films were grown on
low resistivity (<1 Q cm) boron doped Si ((11) oriented) substrates using H2 (99.5 %)
and CH4 (0.5 %) at a pressure of 35 torr. The substrates were maintained at 800'C during
deposition. Moreover, these films were doped with B using B2H6 . The ratio of B2H6 to the
total gas flow was adjusted to obtain (B/C) ratios of 0.8, 2.0, 3.2, 4.0, 20.0, 200.0, and
400.0 ppm in the gas phase. In some cases 02 (0.1 %) was also included in the gas
mixture (for (B/C) ratios of 0.8, 2.0, 3.2, 4.0 ppm). These films were grown for 14 hr.
For the higher (B/C) ratios ( 4.0, 20.0, 200.0 ppm) 02 was not used and films were grown
for 7 hr. Details of the f plasma CVD reactor utilized for the homoepitaxial film growth are
given in reference (10). The homoepitaxial film was grown on a type I A insulating natural
diamond crystal using 0.4 "k CH14 and 1 % CO in H2 f plasma. The film was also doped
with B2H6 during growth. Metal contacts on control samples without an SiO2 interfacial
layer were fabricated in the following way. After deposition, the diamond films were
cleaned using the RCA cleaning procedure (11). Approximately 2000 A of aluminum was
then electron-beam evaporated directly onto the 0.8 ppm (B/C) polycrystalline diamond
sample to form a metal-semiconductor contact. For the homoepitaxial diamond sample a
chemical treatment in a hot Cr0 3 + H2SO4 solution (to remove any non-sp3 component in
the diamond film) was also included and a gold metallization employed. An important point
to note in the gold metallization procedure is that the electron-beam evaporation was a two
step process. The deposition rate was lA/s for the first 100 A of gold and then 5 A/s for the
rest of the - 2000A film. This procedure markedly improved the adhesion of gold. Active
diode areas were delineated by standard photolithography followed by Au or Al etching as
the case may be. A mask pattern proposed by Ioannou et al.(12) was used for this process.
The fabricated diodes, 100 gm in diameter were separated from the field region by d 100
gm annular ring. The 'infinitely' large area of the field-region ensured an adequate quasi-
ohmic contact with the required current handling capability, particularly in the case of the
homoepitaxial film that was deposited on an insulating natural diamond crystal. Similar
metal contact diodes were also fabricated on a representative 0.8 ppm (B/C) sample on
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which a - 20 A thick film of SiO2 had been deposited by a remote plasma-enhanced CVD
technique (13) prior to Al metallization. For the homoepitaxial film, following electrical
measurements on the Au contacts fabricated on the control sample (i.e. without the SiO 2
interfacial film), the metal was etched in rqua regia (3HCI and IHNO). This test sample
was then cleaned employing the RCA cleaning procedure and a - 20 A thick film of SiO 2
was deposited. Approximately 2000 A Au was subsequently electron-beam evaporated
onto the test sample. Active diode areas were defined by photolithography and Au etching.
Cross-sectional diagrams of the contact structure on the diamond films, (a) without, and (b)
with the the Si0 2 film are shown in Fig. 1, The control and test samples were then
electrically characterized using a HP 4145 B semiconductor parameter analyzer equipped
with a probe station for high temperature measurements.

Heat treated diamond films

The polycrystalline films were annealed at a temperature of 950'C for 30 min, in
order to minimize the effect of defects and / or hydrogen on the electrical characteristics of
metal contacts on these films. Aluminum metal contacts were then fabricated on the
annealed films both with and without an SiO 2 interfacial layer, following the procedure
described in the previous section. Current-voltage (I-V) measurements were then
performed on these metal-semiconductor contacts. For the contacts fabricated on annealed
20.0 ppm ((B/C) ratio) samples with an Si0 2 interfacial layer, I-V measurements were
conducted from room-temperature up to - 250 *C, at increments of - 50 1C.

RESULTS AND DISCUSSION

As-deposited diamond films

Scanning electron microscopy of the B-doped diamond films investigated here
showed clear (11) facets and five-fold multiply twinned particles. Scanning electron
microscopy also indicated that the polycrystalline diamond films grown with 02 (lower
(B/C) ratio) had a quality superior to those grown without 02 (higher (B/C) ratio). The
crystal quality was investigated using laser Raman spectroscopy. The Raman peak position
characteristic of diamond was located near 1333 cm-1. A relatively small sp2 peak at 1500
cm-1 was also observed in the Raman spectrum of the diamond films. A SIMS analysis of
the as-deposited 20.0 ppm ((B/C) ratio) diamond film showed an atomic B concentration of
- 1.0 x 1018 cm-3.

Current-voltage characteristics of Al contacts to as-deposited polycrystalline sample
(0.8 ppm (B/C) ) are shown in Figs. 2 (a) and (b). Directly deposited Al contacts (Fig. 2
(a)) on this sample without the interfacial SiO 2 film showed near-ohmic I-V characteristics.
The subsequent introduction of the SiO2 film provided rectifying characteristics as shown
in Fig. 2 (b). Directly deposited Au contacts on the as-deposited homoepitaxial film also
exhibited near-ohmic I-V charpcteristics as shown in Fig. 3 (a). With the introduction of the
thin Si 2 film good rectification was obtained as shown in Fig. 3 (b). In the presence of
the SiO 2 film, low leakage currents (< 1 nA at 5 V) in the reverse direction were observed
in both the polycrystalline and the homoepitaxial film. A breakdown voltage of -7 V was
observed for both as-deposited polycrystalline and the homoepitaxial films.
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Heat treated diamond films

Current-voltage characteristics on Al contacts fabricated on annealed films with the
lower (B/C) ratios, showed a drastic reduction in current in both the forward and reverse
directions. Since the magnitude of the current was approximately the same in all the films
(for (B/C) ratios of 0.8, 2.0, 3.2, 4.0 ppm), a representative plot from the 4.0 ppm sample
is shown in Fig. 4. This reduction in current conduction on annealing is in conformity with
observations reported by Landstrass et al. (14, 15), Albin et al. (16) and Muto et al. (17).
Hydrogen dissociation and / or defect annihilation could account for the increased
resistivity in these annealed diamond films.

Current-voltage characteristics of Al contacts deposited directly on annealed, 20.0
ppm ((B/C) ratio) polycrystalline sample without the interfacial SiC 2 film are shown in Fig.
5 (a). The subsequent introduction of the SiC 2 film provided rectifying characteristics as
shown in Fig. 5 (b). A breakdown voltage of - 6 V was observed for this film. A
background doping concentration of - 5.3 x 1018 cm-3 in this film was obtained using an
approximate 'universal' expression for the breakdown voltage given by (18):

Va = 60(Eg/l.1) 3/2 (N./10 16) -3/4

where, VB is the breakdown voltage for a plane-parallel junction, E , the band-gap of the
material, and N3, the doping concentration. A band gap of 5.45 eV'for diamond and the
experimentally observed breakdown voltage of 6 V was used in the above calculation.
Assuming that the active B concentration in this high B concentration film is not very
different from the atomic concentration (-1.0 x 1018 cm-3) as determined from SIMS
analysis, the calculated value of the background doping concentration seems to agree within
an order of magnitude with the SIMS results. It should be noted that for high
concentrations of B of the order of 1019 - 1020 cm-3 in diamond, a complete activation of
the impurity has been reported (19). However, it has not been established whether a similar
effect can be expected at a B concentration of 1.0 x 1018 cm-3. It should also be pointed out
that a plane-parallel junction approximation will provide an underestimation of the
breakdown voltage as edge effects are expected to produce a significant lowering of the
breakdown voltage for a given doping concentration (18). An estimation of doping
concentration from the observed breakdown voltage of the structure used here, therefore,
will provide an overestimation of the doping concentration. Moreover, since the dielectric
strength of SiO2 is 107 V/cm (Appendix I of reference (18)) the breakdown voltage of - 20A SiO2 film is - 2 V. This indicates t.qt the experimentally observed breakdown voltage of
this film (- 6 V) is likely to be the breakdown voltage of the diamond film and not that of
the dielectric. The I-V characteristics of this annealed diamond film (20.0 ppm (B/C) ratio)
with interfacial SiO 2 measured at temperatures ranging from room temperature (RT) to 2480C in - 50 C increments, are shown in Fig. 6. It is seen that as the temperature is increased
the reverse leakage current increases and the reverse breakdown voltage decreases.
Nevertheless, a fairly good rectification behavior can be observed up to - 100 *C.

Conclusions

It has been demonstrated that the introduction of a thin SiC 2 film at the interface
between the metal and the diamond semiconductor film allows the fabrication of a rectifying
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contact, that is not otherwise possible for the films studied here. This improvement in
characteristics is probably due to a modification in the barrier height and field distribution
and / or to passivation of the surface. Further work in this area, in order to fully understand
the mechanisms involved in determining the observed characteristics, is in progress.
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Figure 1: Cross-sectional diagram of contact structure On diamond Onlm,
(a) without dielectric layer and (b) with dielectric layer.
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Figure 2: Current-voltage characteristics of Al contacts on polycrystalline diamond
film (0.8 ppm), (a) direct rnetalization and (b) with interfacial SiQ
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Figure 4: Current-voltage characteristic of Al contacts on annealed diamond film (4.0 ppm).
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Figure 5: Current-voltage characteristic of Al contacts on annealed diamond
film (20.0 ppm), (a) direct metaliation and (b) with interfacial SiO2.
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565



FORMATION OF SINGLE-CRYSTAL SEMICONDUCTOR - a-C:H FILM
HETEROJUNCTIONS.

V.M. ELINSON,V.V. SLEPTSOV,S.S. BERASIMOVICHG.F. IVANOVSKY
NPO "'acuummaspribor",USSR,113105 Moscow,Nagorny pr. 7.

V.I. POLYAKOV,O.N. ERMAKOVA, M.6.ERMAKOV, P.I.PEROV
Institute of Radiotechnic and Electronic Academy of
Sciences USSR,103907 Moscow, K.Marx pr., 18.

Considerable interest has been aroused in
formation of single-crysal semiconductor -

diamond-like film heterostructures that can be
used for various applicationssuch as multilayer
quantum-dimensional structures, sensitive

photodetectors,varicaps, dynamic memory elements
with electrical and optical recording and
information reading.Heterojunctions were formed
by ion-assisted methods on Si and GaAs wafers
with different type of conductivity and

resistivity.The film thickness was 5.0 - 100.0
nm.MIS structures with a 5.0 nm thick a-C:H film
were obtained.The possibility of a-C:H films
formation which are resistant to temperature
range no less than 450 C and films in which

diamond phase content is increased up to 450 C
during heating has been demonstrated.The effect
of preliminary treatment conditions of wafers,
particle energy and thermal treatment of films
and heterostructures upon density of surface
states at the semiconductor - a-C:H film

interface was shown.

1.Introduction.

Single-crystal semiconductor - diamond-like film
heterostructures are exiting challenge to the development

of active elements of micro- and optoelectronics
(photodetectors, dynamic memory elements, transistors) due
to high hardness,chemical inertness,ecological cleanliness
of starting materials and possibility of changing
electrical and optical properties of a-C:H films in wide
range (1,2).

In the paper the dependence of formation process and
wafu.- preliminary treatment conditions upon the properties
of single-crystal semiconductor - a-C:H film inf*rface has
been invwutigated in order to create heterostructures with
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reliable properties and thermal stability.

For this purpose complex research of deep level
parameter$, zone bending in the single-crystal - a-C:H
interface, electronic structure, chemical composition has
been carried out.

The effect of temperature upon the properties of
interface and a-C:H films was studied.

2.E:tperimental details.

Heterojunctions were formed on monocrystalline GaAs
and Si substrates of different conductance type and
resistivity.The thickness of a-C:H films prepared by
ion-assisted methods in different conditions was 5.0 -
100.0 nm.

The electronic structure of films was studied by Auger
electron spectroscopy (3).Percentage of bonds on the basis
of sp - and sp -hybridization of carbon atomthe size of
graphite-like clusters and change in electronic structure
of films at annealing up to 400 C were determined.The
presence of carbon and hydrogen in chemical composition of
films was detected by the technique of secondary-ion mass
spectroscopy (4).

The value of optical bandgap (Ed(, ) was determined
by method discribed in (5).The values of optical bandgap of
a-C:H films used for examining properties of
hetorostructures in this paper were 1.5-1.7 eV (E a-C:H 1 )
and 2.0-2.2 eV (E a-C:Hyr).It has been found that Ea-0:9 1 is
practically constant in The thickness range from 5 nm up to
100 nm under specified production conditions (Fig.l).

The monocrystalline semiconductor-a-C:H film interface
was studied by charge-relaxation spectroscopy method (6);
the value of zone bending at the interface was determined
by photoelectromotive force and photoresponse kinetics (6).

3.Results and Discussion.

Just after annealing of heterostructures based on
a-C:H films the change in electronic structure corresponds
only to decrease of "dangling" bonds density (Fig.2a,peak
at E = f-5'eV due to their thermal stability.Just after
annealing of heterostructures based on a-C:Hr films, the
peaks were observed at energy of 14.5; 19 and 20-25 &V
corresponding to C-H and C-H bonds in density spectrum of
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states (Fig.2b).An increase in output of ba,,ds based on sp3

-hybridization of carbon atom of diamond-like phase and
decrease of number of dangling bonds was detected at the
same time.

Q-DLTS spectra of a-C:H -Si heterostructures obtained
at some temperature value are shown in Fig.3.The deep level
parameters of heterostructures based on a-C:H films are
given in Table 1.

The monocrystalline semiconductor - a-C:H film
heterojunction is characterized by the presence of 2 deep
levels (A and B).The ir.iization energy level A (E=0.36 eV)
is practically independent of thickness in the thickness
range from 50 nm to 300 nm.It can be supposed that
heterojunction location is due to the presence of traps in'
a-C:H layer at the distance of 50 nm from the
heteroboundaries.The ionization energy of level 3 is varied
depending on substrate type (Table 1) and conditions of
preliminary treatment of substrates (2).

The decrease in dangling bonds density then annealing
heterostructures based on a-C:H films may lead to a
reduction in density of traps up to (2-7)*10 cm "2 for A
level.May be the changes in phase composition also have
been influenced on state density in this case.

When we decrease the mean energy of particles while
forming the Si - a-C:H heterojunction from 0.6 keV to
0.1 keV we can observe peak A at another value of energy
(Table 1, E = 0.54-0.59 eV).The density of these states is
independent of thickness up to 5 nm.That is why we suppose
that this traps are concentrated at the distance from
interface no more then 5 rm.

In case of a-C:H film just after annealing we can
observe only the reduction of dangling bonds density
(Fig.2a).Then we conclude that dangling bonds density may
be connected with density of level A states.

The photoelectromotive force kinetics VP& of a-C:H -
GaAs heterostructures is shown in Fig.4.The values of zone
bending at the Si-aC:H interface are given in Table 2.It
has been found that increase in a-C:H layer thickness
results in a negligible change in value (V C ). An increase
in Si-aC:H layer thickness leads to the decrease in Vp4
and increase in energy from 0.12 eV to 0.22 eV where SHe
is used.For C3Hg as starting hydrocarbon another thickness
dependence may 5e observed.

The dependence of heteroboundary properties on
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preliminary treatment conditions of monocrystalline
semiconductors substrates is shown in Table 3.1t has been
found that the density of traps decreases at level
connected with the substrate type when increasing treatment
duration.

5. Conclusions.

The investigations presented here demonstrate the
possibility of controllable formation of interfaces,
especialy surface state control connected with a-C:H film
while changing in deposition conditions,preliminary
treatment of substrates.The thermal stability of a-C:H
films and heterostructures in temperature range from 293 K
to 673 K was shown.The usage of a-C:H films of 9 nm in
thickness for MIS-structures production is possible due to
the low defectness of a-C:H layers,prepared by ion-assisted
methods in different environments.It has been found that
variations in values of zone bencing at the interface as a
function of a-C:H layer thicknessstarting gaseous medium
and formation conditions.

The dependence of zone bending in Si - a-C:H
interface on the a-C:H film thickness has shown the volume
distribution of trapswhile for a-C:H films zone bending
does not depend upon the film thickness in the thickness
range to 5 nm.

This research has shown the possibility of HS forming
as with high as well as with little surface states density
which is reliable for different applications, for example
for memory systems or MIS-structures formation.

Controllable operating on zone bending permits to
create planar electronic devices with optimal
characteristics.
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Table I .R1antrioa1 featur'es of hete'oatz'uotures based on
lalyers of a-C:H.

TPype of Thic~mss UL, WV, ITI ,om UDI ,ouu T2 ,om
hetero- of a-0:9 eT eV TI-293 K T-450 K T-293 K
struc tures layer,A

a-C:H -Si 100 p0.36 0.5 1.2*101 i*UF 131

a-C:H -Si 50 0.36 0.5 i0 1 2  7*10 11 1.5*10 11

a-O!:H-Gaks 100 0.36 0.77 10 12 - 1.5*10 11

a-C:H-Gaks 100 0.36 0.31 3*10 1 - 3*10 10

a-C:H -Si 100 0.54 - 5*10 11 1.6*10 10

a-C:H -Si 30 0.54 - 1.6*10 12 .*01

a-C:H -Si 20 0.54 - 10 1 2  
- 0.4*10 12

a-C:H -Si 5 0.59 - 2.4*10 12 5*1011
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Table 2.The dependence of heteroatruotu'e photoeleotromotive

force on layer thickness of a-C:3.

Type of ThioknesS of layer javiroriment V 'V

heterostruOtu e

a-C:H - Si 5 0 6 2 :Ar 0.32

a-C:H - Si 10 06 2 : Ar 0.38

a-C:H - Si 100 06 H12 :Ar 0.28

a-0:H - Si 50 03H8  0.27

a-C:H - Si 200 a 3% 0.15

a-C:H - Si 50 "6H12  0.12

a-O:H - Si 100 06H12  0.22

Table 3.The dependence of density traps NT on operating
time by Ar ions.

heterostruo tures

a-C:H - Si 10 I.L*10 12  13*'1011

--C:H - Si 30 3*1011 < 109
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ABSTRACT

Polycrystalline diamond films have been doped by ion implantation with
nitrogen, boron, lithium, and hydrogen. Secondary ion mass spectroscopy
(SIMS) was used to determine the chemical content of these films and to
follow their diffusion during thermal processing. We have determined that
grain boundary diffusion of lithium occurs at 10000C suggesting that it is
unsuitable for use as an n-type dopant in polycrystalline diamond. We have
compared the hydrogen concentration measurements to electrical data. A
qualitative comparison of the SIMS data with device electronic behavior is
consistent although quantitatively most of the incorporated hydrogen is
electrically inactive. The electrical behavior of all measured ion implants
was dominated by conductive defects that appeared to be lattice damage
related.

INTRODUCTION

Diamond films have a broad range of electronic applications which depend critically
on the ability to control the impurity content of the deposited layers. While most of the
potential applications of diamond require a versatile range of both n-type and p-type
dopants, most documented dopant behavior is restricted to nitrogen and boron found in
naturally occurring diamond(l). Ion imnlantation is a technique that allows for the precise
metered introduction of a wide variety of dopants into both single crystal and
polycrystalline diamond(2). The electrical behavior of potential n-type dopants such as
lithium and residual hydrogen have been shown to be complex(3-5). Through the
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application of known ion implants we were able to use secondary ion mass spectrometry
(SIMS) to measure diffusion, in situ incorporation and implant behavior of nitrogen,
boron, lithium and hydrogen.

EXPERIMENTAL

The unintentional dopant, hydrogen, has been shown to be extremely electrically
active(3,4). Figure 1 plots the current voltage characteristics of two diamond capacitors.
The films used in these devices were grown with oxygen containing precursors of differing
concentration. The curves in Fig. 1 show characteristics obtained on the as-grown films,
after a 6000C inert anneal and a 400*C hydrogen plasma anneal. From the figure it can be
seen that the major affect of he different growth conditions is on the as-grown resistivity
and that after a 600*C anneal very little difference remains. Figure 2 plots the leakage
current of an annealed capacitor as a function of temperature up to 400*C. After annealing
these films are very stable and have been measured up to temperatures as high as
12000C(6).

Figure 3 is a plot of the SIMS depth profiles of two different films, grown with
and without oxygen precursors and annealed at different temperatures. From these plots no
hydrogen movement can be seen except at 1350*C. None of the low temperature anneals
produced measurable movement. Figure 4 shows a depth profile of a 2H implant into a
fine grain diamond film that shows much faster hydrogen diffusion at 13500C. Figure 4
also shows diffusion of a boron implant at 13501C. The kinetics of the electrical behavior
of hydrogen also are faster on fine grain diamond(4,5). The lack of any diffusion tail
suggests that the electrical instabilities related to hydrogen are unrelated to grain boundary
diffusion and are likely a bulk effect. This also suggests hydrogen is only electrically
active in the bulk and not at grain boundaries. Quantitative measured chemical hydrogen
concentrations of 5xl0 19cm "3 are much higher than the electrically active hydrogen levels
of lxl010 cm-3. The absence of grain boundary diffusion of hydrogen, and also boron,
was not expected.

From the SIMS data shown in Fig. 3 the small reduction in hydrogen concentration
can be attributed to oxygen containing growth precursors. This difference is also many
orders of magnitude different than the electrical activity differences shown in Fig. 1, The
deuterium implant is used to increase the dynamic range of the measurement due to the
background hydrogen concentration of 6.0xl0 19cm-3 (340ppm).

Figure 5 shows SIMS depth profiles of lithium and sodium annealed at
temperatures up to 13500C. Lithium diffuses readily at 10000C and sodium can be seen to
move at 1350PC. The shape of the profile is indicative of grain boundary diffusion only, as
the main dopant peak is unaffected. These dopants would not be desirable for
polycrystalline material, due to this affect, but should be usable for single crystal devices.
This is clearly different from the behavior of hydrogen in diamond but typical of other
materials such as boron in polycrystalline silicon.

Lithium is of interest as an interstitial n-type dopant. Lithium activation is low and
its use has been problematic due to erratic electrical behavior(3). We believe that the
electrical anomalies in lithium doped polycrystalline diamond are due to a large segregation
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of lithium to the grain boundaries as evidenced by the large diffusion "tail" after anneal
shown in Fig. 4.

Table 1 lists the measured resistivity of the implants used in this study when
implanted into an in. situ boron doped polycrystalline diamond layer., All the implants were
annealed in nitrogen at 1180°C before electrical and Raman measurements were performed.
In all cases th: implanted layers were conductive. Figure 5 shows the Raman spectra
measured on the implanted annealed samples. Only the phosphorus implant produced any
change in the Raman spectra. As the diamond layers are much thicker than the implant this
effect was due to the implanted layer being highly opaque. This was verified by removing
the implanted layer and remeasuring. All the implanted layers were visibly discolored by
the implant.

Table 1. Implanted layer resistivities for various species

Implanted Implant Implant Resistivity
Smio Energy Ds f-m

N 160 keV 3x10 15 cm-2  0.0454

H 50 keV 2x10 15 cm-2  0.0908

Li 100 keV 3x10 14 cm-2  0.0681

P 200 keV Ix10 14 cm-2  0.00681

Table 2 lists data on phosphorus implantation showing the dependence on boron
doping and implant dose. It was found that the implant conductivity was higher as the
substrate conductivity increased. It was also found that for the phosphorus implants at the
higher doses the layer conductivity decreased. Diodes were made from all the boron doped
diamond layers implanted with the above tabulated species. No simple diode behavior was
observed for any of the implants.

From the electrical data it appears that all the implanted film properties are
dominated by a conductive damage related diamond defect similar to that induced by laser
damage(7). This is thought to be a diamond defect due to its diminishing effect as the
diamond lattice is destroyed as evidenced by the dose dependence of the phosphorus
implants with simultaneous reduction in the lattice Raman signal.
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Table 2. Phosphorus implanted layer resistivities ( 200keV energy)
B-layer Implant Resistivity
Resistivity Dose (a-cm)

0.225 lx10 14 cm- 2  0.00681

0.225 lx10 15 cm-2  0.00908

1.96 lx10 14 cm-2  0.0114

1.96 lx10 15 cm-2  0.136

CONCLUSIONS

Ion implantation, SIMS and electrical resistivity measurements have been used to
investigate hydrogen in polycrystalline diamond films as a function of annealing. It has
been shown that hydrogen diffusion at high temperatures occurs in the bulk grains
unaffected by grain boundaries similar to the hydrogen electrical activity at low
temperatures. It was not possible to see chemical diffusion at low temperatures but due to
the hydrogen chemical concentration of 5x10 19cm-3 exceeding the electrical concentration
of lxl010cm-3 (from the hydrogen treated resistivity) it was not possible to directly
measure this effect. The electrical properties of HLiP and N ion implanted diamond films
was dominated by conductive, damage related defects and does not appear to result in
simple dopant behavior.
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Figure 2. Leakage current versus inverse temperature for a diamond insulator. After an
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at elevated temperatures as shown in this figure up to 400*C and in Ref. 5 to 1230*C.
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Figure 4. SIMS depth profiles of boron and deuterium implants before and after a 1350*C
anneal. This sample had a much smaller grain size than the samples in Fig.3.
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ABSTRACT

Natural type fla (insulating) diamonds were implanted at liquid

nitrogen temperature with either boron or carbon plus boron. Van
der Pauw resistivity and Hall effect measurements as a function of
temperature were used to determine the effect of the impla.itation, in
comparison with the unimplanted side of the sample. Implantation
with carbon plus boron resulted in a carrier concentration more than

an order of magnitude greater than that resulting from implantation
with boron alone, but with a much lower hole mobility.

INTRODUCTION

Previous attempts to utilize ion implantation to introduce electrically active dopants
into semiconducting diamond have yielded inconsistent results [1-3], primarily because the
implantation produces a variety of damage mechanisms in the diamond lattice. In addition
to the vacancy and interstitial defect centers common to other materials, diamond has an
additional damage mechanism due to the transformation of the tetrahedrally bonded diamond
lattice to a carbon lattice consisting of graphitic-type bonds. These graphitic layers may show
electronic conduction similar to that of an n-type layer. Removal of the damaged layer is a
non-trivial task, but was accomplished in [3]. Analysis of the effects of implantation is also
greatly complicated by thewide variations in electrical properties observed in natural diamond.
An arbitrary designation of resistivity is used to separate natural diamond into insulating type
Ha diamond and semiconducting type Ifb diamond, but the resistivity values range continu-
ously over several orders in magnitude. Several other complications may arise in the electrical
characterization of diamonds, including the role of hydrogen [4], adsorbed gases [5,6], and
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possible photoconductivity contributions [7]. In spite of these difficulties, many authors have
attempted to draw conclusions basea on a comparison of the relative temperature depen-
denciev of the resistance of two different diamond samples, one implanted, one not.

Prns [1] proposed a technique which allows controllable doping of diamond via ion
implantation. This technique requires that implantation be carried out with the diamond held
at a temperature low enough to reduce the diffusional motion ofbothvacancies and interstitias
produced in the collision cascade. The result is a high density of vacancies and interstitials
in close proximity. Dopant atoms are then implanted into this layer of frozen" vacancies and
interstitials. Subsequent annealing at a temperature high enough to allow diffusion of the
interstitials and/or the vacancies results in recombination of the vacancies with both the
self-interstitials and the dopant interstitials. The implanted layer then contains substitutional
dopants with a low level of residual radiation damage. Prins (1], and Sandhu etat. [8] have
verified this technique using resistance measurements as a function of temperature to
determine activation energies.

In this paper, we describe a system: to allow resistivity and Hall effect measurements to
be made as a function of temperature in an inert ambient. This allows a direct measurement
of both the net carrier concentration and the temperature dependence of the mobility. As
noted in a previous work (91, a comparison of results between the front and back sides of the
same thin (0.25 mm) diamond slice, with only one side having been implanted, can essentially
eliminate sample to sample variation. By also carrying out the measurements in a purified
argon ambient, with a pre-measurement heat treatment, we believe extraneous conductivity
due to adsorbed gases or other effects are minimized. Thus, we are better able to observe
the net change in the electrical transport due to the implant

EXPERIMENTAL PROCEDURE

The starting material consisted of two natural semi-insulating (type Ha) diamonds, 5
mmx5 mmx0.25 mm in size. One sample was implanted with boon ions at'7 K using a
multiple implant scheme (25 keV, 1.5 x 1014 B+/cm2; 50 keV, 2.1 x 1014 B+/cm2; and 100
keV, 3.0 x 1014 B+/cm2) intended to provide an approximately uniformly doped p-type layer
of about 210 nm (as verified by SIMS on a similarly implanted sample) in thickness. The
second sample was first implanted with carbon ions at 77 K using a similar multiple implant
scheme (30 keV, 1.5 x 1014 C+/cm2; 60 keV, 2.1 x 1014 C+/cm2; and 120 keV, 3.0 x 1014
C+/cm 2), immediately followed by a boron implantation identical to that of the first sample.
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After implantation, the diamonds were removed from the cold stage and annealed at 990*C
for 10 minutes in dry nitrogen to remove implantation damage and activate the implanted
boron.

The diamonds were then cleaned by etching in a boiling saturated solution of chromic
oxide (Cr2O3) in sulfuric acid. The purpose of the etch was to remove any graphitized layer
which might have formed. The diamonds were then rinsed in deionized water, boiled in
acetone, and then rinsed with methanol. After the methanol rinse, the diamonds were blown
dry using dry nitrogen and loaded into an ultra-high vacuum chamber for ohmic contact
metallization. The base pressure of chamber was approximately 1 x 10- Torr. Contacts were
deposited on the sample comers, and were defined using a stainless steel shadow mask. The
contact metallization consisted of 100 A of molybdenum deposited by electron beam evap-
oraion, followed by 1500 A of gold deposited from a resistively heated boat. After removal
from the vacuum chamber the samples were baked at 120'C for 20 minutes, then loaded into
a furnace and annealed in a dry hydrogen ambient (dew point < -60C) for 6 minutes at 960'C.

A schematic outline of the high temperature van der Pauw resistivity and Hall effect
measurement apparatus is shown in Figure 1. A great deal of care was taken to control the
ambient to which the diamonds were exposed at high temperature. High purity argon was
generated and fed into the system to maintain a dew point of less than -115C. The system
as originally described [8] utilized a ceramic chip carrier, with a stainless steel support
structure, and was used to measure the sample implanted with boron only up to a temperature
of 600"C. At high temperatures this combination was found to leave a film of contamination

on the surface of the diamond. As a result, we have rebuilt part of the system to leave only
quartz, the diamond, and copper and gold electrical connections in the annealing ambient,
with the copper wires sheathed in quartz capillary tubing. The temperature was monitored

via a thermocouple inserted in a socket below the sample platform. This system was used to
measure the sample implanted with carbon plus boron up to a maximum temperature of

700C.

RESULTS AND DISCUSSION

Shown in Fig. 2 is the net carrier concentration plotted as a function of inverse tem-
perature for the sample implanted with carbon plus boron. We measured the carrier con-

centration both as temperature was increased and as temperature was reduced. The results
presented here were obtained only after annealing at a temperature of 375C in the argon

ambient of the measurement system to stabize measured data. Thiswas found to be necessary
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to obtain data which did not drift upwards with time for the sample implanted with boron

only. An additional, similar effect seemed to occur at a second, higher temperature with the
carbon plus boron implanted sample. Note that the curve generated as the temperature was
decreased does not match the curve generated as the temperature was increased. Upon
increasing temperature a second time, however, the carrier concentration data retraced the
"temperature falling" curve. The carrier mcbility for this layer, shown in Fig. 3, exhibits a
similar effect. The reason for this benavior is not clear at the present time, but might be due
to the desorption ofa gaseoi is impurty at high temperature. Because the "temperature falling"
curves appear to be reproducible, we use them for comparison with the layer implanted with
boron alone.

Plotted in Figs. 4 and 5 respectively are the sheet carrier concentrations and the

mobilities as a function of inverse ' mperature for the implanted sides of the samples
implanted with boron and carbon pluT boron. Measurement of these properties on the
unimplanted side of each sample (not shown here) allows us to directly compare the two
different samples. Clearly, there is a much greater activation efficiency for the sample
implanted with carbon plus boron (approximately 1% versus 0.1% for the layer implanted
with boron only). Note, however, that the sample implanted with carbon plus boron has a
lower mobility and a lower temperature dependence than that implanted with boron only.
Since the boron dose is equivalent in the two samples, this may be an indication of greater
residual damage due to the additional carbon dose. This can be checked by comparing samples
with the same total implantation dosage, i.e. the total dose of carbon plus boron ions implanted
in one sample should be equal to the boron dose implanted in the other sample. According
.o Prins [10] activation of boron is more efficient in samples implanted with carbon plus boron,
implying that it might be possible to have a higher carrier concentration than that in the sample
implanted with boron alone, but without a reduction in carrier mobility.,

We have also fabricated an insulated gate field effect transistor (IGFET) on the sample

implanted with boron only 11]. Assuming that the implantation is roughly uniform over a
layer thickness of approximately 2100 A, we obtain a volume carrier concentration of about
2 x 1016/cm 3. The device geometry was chosen to provide data without requiring a mesa etch.
It consisted of a central drain contact 400 pm in diameter, with concentric 200 an gate and
source contacts 1000 pin and 1600 pm in outer diameter, respectively. The source and drain
contacts consisted of a 10 nm molybdenum/160 nm gold bilayer structure described elsewhere
[12]. The gate insulator was an SiO2 film approximately 100 nm thick deposited by indirect
plasma enhanced chemical vapor deposition at 300'C, and the gate metal consisted of a 10
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nm titanium/160 nm gold bilayer structure. Current saturation was observed with gate bias
ranging from zero volts up to pinch-off at a gate bias of approximately 12 volts. The trans-
conductance was measured to be 6.9 pS/mm.

CONCLUSIONS

We have verified the technique proposed by Prins [10] for increasing the activation of

boron in diamond by direct measurement of carrier concentration and mobility as a function
of temperature. The use of a carbon pre-implant resulted in a carrier concentration more

than an order of magnitude greater than that without the carbon implant, for equal doses of

boron. There was, however, a degradation observed in the mobility for the sample implanted
with the carbon. The layer implanted with boron only was be used to fabricate an IGFET

with excellent characteristics.
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Figure 2. Log of the free carrier concentration versus inverse temperature for the layer
implanted with carbon plus boron as the temperature was increased, and as the temperature
was decreased.
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THIN, BORON4 DOPED DIAMOND FILMS

M. I. Landstrass, M. A. Plano, and D. Moyer

Crystallume
125 Constitution Drive
Menlo Park, CA 94025

ABSTRACT

The ability to fabricate thin, doped diamond films is essential to the
development of diamond semiconducting devices. Boron doped
polycrystalline diamond films as thin as 3.3nm have been grown by plasma
assisted CVD and characterized. Electrical measurements indicate that the
thin doped films behave similarly to bulk layers as far as resistivity and
temperature dependence. By controlling the surface roughness and
nucleation it is possible to grow thin diamond layers with uniform
properties.

INTRODUCTION

Successful utilization of diamond as a semiconductor despite the lack of shallow p-
type dopants requires the innovative use of boron acceptors. The acceptor level of boron is
0.38eV above the valence band(l) which is quite deep compared to other semiconductors.
However, when a diamond layer is heavily boron doped the observed activation energy is
smaller and more acceptable for device design considerations.(2) One problem with the
heavily doped layers is the large number of charges present which would limit device
performance. Thin, heavily doped layers would have both a lower activation energy and a
small number of charges making them ideal for use in semiconducting diamond devices.

EXPERIMENTAL RESULTS

Thin film growth of CVD diamond is problematic due to the difficulties involved in
controlled nucleation of both single crystal and polycrystalline layers. The diamond films
studied in this work were polycrystalline in nature with grain sizes ranging from 200nm to
1 gm. Control of the nucleation mechanisms during growth allows for continuous films to
be grown which are much thinner than the grain size. Figure 1 is an SEM cross-sectional
micrograph of a boron doped diamond layer 120 nm thick sandwiched between two
insulating diamond layers. The interface between the insulating and boron doped diamond
is abrupt and planar illustrating the possibility of thin layer growth. SEM cross-sectional
micrographs of two other boron doped diamond films are shown in Figs. 2 and 3. These
layers are 60nm and 38.5nm respectively and are shown at 50k magnification. Films as
thin as 3.3nm were grown and their presence confirmed through electrical measurements
but good SEM micrographs of these thinnest layers could not be obtained.
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A comprehensive study of the electrical prope.ries of thin and bulk boron doped
polycrystalline diamond films was performed to test the thickness scalability of diamond
layers. The films studied weie grown by plasma assisted CVD and were doped in-situ
using diborane gas. Both bulk layers with thicknesses of I to 2 gm and thin films of 3.3-
120nm were grown with doping concentrations ranging from 5xlOg/cm3 - 2x10 2 1/cm 3.
Several of the films were analyzed using SIMS to determine the chemical concentration of
boron present and to calibrate the gas flow parameters. The SIMS measurements were
successful only for those boron doped films grown on very smooth polycrystalline
diamond. Otherwise the boron signal was smeared due to the wavy nature of the
polycrystalline films.

For all samples resistivity was measured as a function of temperature over the range
300K to 650K. Figure 4 is a graph of resistivity vs. 1000/Temperature for several samples
with different doping concentrations but similar thicknesses. The resistivity vs.
temperature data was fit with a full Fermi analysis which allows for degenerate conditions,
so as to determine the acceptor energy. The acceptor energy was found to be inversely
related to the acceptor concentration i.e., with higher doping the boron level is at a lower
energy. The thin films exhibite similar electical behavior and variation with doping as thebulk layers. Figure 5 is a graph of sheet resistance vs. 1000/Temperature for three samples
of similar doping but different thicknesses. The sheet resistance of the films with the same
doping scales with thickness as one would expect and confirms the uniformity of the films
as thin as 10rm.

Several diamond films of thicknesses ranging from 3.3nm to lIgm were grown
using a 1000ppm B2H6/CH4 ratio and a 100ppm B2H6/CH4 ratio. The sheet resistance
of these films was measured and is plotted as a function of layer thickness in Figs. 6 and 7.
The variation of sheet resistance with layer thickness is linear with some noise and indicates
that the thin films are behaving as expected. Also, several diamond films were grown wzth
the same thickness of l0nm using various B2H6/CH4 ratios. This data is plotted in Figure
8. There is a linear relationship between the sheet resistance of the thin I.yers and the
boron doping. This result shows that even at thicknesses of lOnm it is possible to control
the electrical properties of the layer by controlling the diborane to methane ratio. Figure 9
is a plot of the resistivity of both thick and thin samples as a function of boron doping and
shows that the electrical properties of the layer can be controlled by controlling the diborane
to methane ratio.

CONCLUSIONS

We have successfully grown boron doped diamond layers as thin as 3.3nm. The
electrical behavior of these thin diamond layers is readily controlled and scales with
thickness. Heavily boron doped, thin diamond layers are advantageous since they have a
lower activation energy than lightly doped layers and have a small total charge. The ability
to fabricate thin, doped diamond films is essential to the development of diamond
semiconducting devices.
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Figure 1. SEM cross-sectional micrograph of a boron-doped diamond layer sandwiched
between insulating diamond layers grown on Si. A Si cap has been added to enhance
contrast and an oxidation process delineates the interface between the doped and undoped
diamond. The boron doped layer in this sample is 120nm thick.

Figure 2. SEM cross-sectional micrograph of a boron-doped diamond layer between two
insulating diamond layers. A Si cap has been added to enhance contrast and an oxidation
process was used to delineate the interface between the doped and undoped diamond. The
boron doped layer is 60nm in this sample.
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Figure 3 SEM cross-sectional micrograph of a boron-doped diamond layer between two
insulating diamond layers grown on Si. A Si cap has been added to enhance contrast and
an oxidation process was used to delineate the interface between the doped and undoped
diamond. The boron doped layer is 38.5nm in this sample.
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Figure 4. Graph of resistivity vs. 1000/T for several diamond layers with different boron
c',ncentrations but similar thicknesses. As the concentration of acceptors decreases the
activation energy of the boron acceptor increases.
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THE GROWTH AND SOME PROPERTIES OF DIAMOND FILMS OF P- ANb

N-TYPE CONDUCTIVITY OBTAINED BY CRYSTALLIZATION FROM THE

GAS PHASE

B.V.Spitsyn and A.E.Alexenko, Institute of Physical

Chemistry of the USSR Academy of Sciences, Leninsky

Prospekt, 31, Moscow 117915, USSR

Geometrical and energy factors determining the

entering of substitution impurities into diamond

lattice are analysed. Doping with boron, phosphorus,

sulphur and lithium are realized during the growth

of epitaxial diamond films (DF) on (111) face of

natural diamond by high-gradient chemical gas-trans-

port reaction. Semiconducting p-type DF were grown

during doping with boron and n-type DF - during the

doping with phosphorus and sulphur. Doping with

lithium does not decrease the resistance of D

Ways of controlling the concentration and mobiA±ty

of carriers in DF are discussed.

1. Introduction.

The discovery and development of the methods for the

diamond synthesif from the vapour phase at low pressure

opened new opportunities for preparation of dielectric

DF and single microcrystals. At the same time the range

of possibilities for control of structure and properties

of different diamond materials in the course of their

synthesis became much wider.

Since impurity-free and low-defective diamond is

known to be a perfect dielectric, the problem of desirable

and controllable changing of electrical resistance of

diamond is becoming more and more important. Only after

the appropriate solution of this problem diamond-based

electronic devices of a more sophisticated design may be
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developed.

-Obviously, there are two ways for tuning electrical

properties of diamond. The first way is producing self-

defects (not connected with impurites) having different

dimensionality, e.g. :-zero (vacancies, interstitials),
unity (dislocations), - unity (dislocations), - two

(tetrahedral stacking faults), - three (microinolusions

of polytype modifications of cubic and hexagonal diamond

and/or non-crystalline carbon with tetrahedral configura-

tion ot carbon atoms).
The above defects may be generated both in the

course of DF and crystal diamond synthesis and by some

kind of postsynthesis treatment: physical, mechanical

and, possibly, chemical.

Introducing impurities into diamond lattice is

the other way for producing electrically controllable

diamond. Ion implantation is a well-known technique of

diamond doping. However, the cocrystallization of atomi-

cally dispersed impurities in the course of diamond
crystallization is, obviously, more efficient. We have
used this method /l/ under the conditions of the chemi-

cal gas-transport reaction /2/.

The epitaxial growth of diamond films, first dis-

covered and studied using the high-temperature high-
gradient chemical transport reaction, is being

investigated now using a number of other methods of

activated chemical crystallization of diamond. Along

with the processes of growing pure (non-doped) DF the

processes of producing semiconducting diamond films

acquire special importance. Their development may cont-

ribute largely to the use of DE in solid-state electro-
nic devices of further generations.

Our works on the synthesis of non-doped single and

polycrystalline DF were followed by an experimental study
of their doping in the process of crystallization. The
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Use of the chemical transport reaction made it possible

to introduce ready-made gaseous dopants, as well as to

produce them directly in the crystallization zone.

2. Geometric and energy factors governing diamond

doping.
Despite the low value of the covalent radius of the

carbon atom (0.77 A) in the crystal lattice and its high

rigidity the number of chemical elements, that are able

to give true (equilibrial) solid solutions in diamond,

is rather restricted. Much smaller is the number of atom-

dispersed impurities, that may produce the levels of

permitted energy in the energy gap equal to 5.5 eV.

A general consideration of the resulting equilibrium

solid solutions should be accomplished with the analysis

of both geometrical and energy factors. The data necessary

for estimation of the possibility of different atoms to

enter into substitution positions are presented in the

table below.

TABLE

Geometric and energy parameters of some single bonds

element-carbon

Element Covalent Relative Bond energy
radjus difference E-C, kcal/mol
r, k of covalent

radii
rE - r 0

rc X100,

C 0.77 0 82.6

B 0.85 +19 89

N 0.70 -9 72.8

S 1.04 +31 62

P 1.10 +43 63
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Prom the data presented in the table it follows that
atoms of impurity elements may have a valency n not equal
to four, which is typical of carbon atoms. It is just the
case, so the impurity atom in the substitution position
may act as a donor (n 4) or an acceptor (n 4), and its
bonding with the surrounding carbon atoms will be elec-
tron- exessive or electron-deficient, respectively. Thus,
the energy values listed in the table may be considered

to be a rough estimation. However, according to the data
of the table it is possible to suggest, that the intro-
duction of such impurities as nitrogen and boron into
the diamond lattice be energetically favourable. This
actually takes place.

3. Doping by boron. It was carried out under the

conditions of the high-temperature transport reaction in

the sandwich system graphite-hydrogen-diamond /3/. The

temperature of the graphite sour 'e of carbon ranged from

2000 to 22000C, and the temperature of the substrate-

a diamond seed crystal - ranged from 750 to 9000C.. The
flat parallel gap between the surface of the source and
that of the substrate was 0.2-1.5 mm, the total pressure
in the gas phase was 12 Torr. The doping of the epita-
xial DF by boron occurred with the participation of

simple carboranes (HBC 2 and H2 B-CH3 ) forming on the
surface of boron doped graphite placed outside the ther-

mally homogeneous part of the source /3/. The resulting

0.2-2,# m thick epitaxial DF of p-type conductivity
were light-blue and blue, which was due to the absorp-

tion band in the visible region related to the presence
of impurity boron atoms in the diamond lattice sites.
The growth rate of highly doped DF could be 1.5-2 times

as much as that observed under the same conditions of

crystallization for non-doped DF. One of the reasons for

the increase in the growth rate is an additional carbon
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flow delivered to the DF by the oarboranes. The maximum
conductivity of the films and concentration of boron in
them were 5.102 Ohm-lOcM-I and 2.6 at.%, respectively,
exceed greatly the respective values for diamond doped by
boron obtained by other methods. The mobility of the
current carriers calculated according to the measured
values of boron concentration in the DF (7.6x10

19cm 3)

and its conductivity at 300 K could be equal to 50 cm2/V.s.
The doping of both single crystal and polycrystal DP

was also carried out under the conditions of electrical

activation of the gas phase. Vapors of the ready-made
solid compound - neocarborane C2B1oH12 were introduced in

the crystallization zone. The average concentration of
boron in the polycrystalline DP according to the IPS

data was 0.1 at.%.

4. Doping by phosphorus, if only the geometric (the

covalent radius of the phosphorus atom) and energy ( the

bond energy of the C-P) factors were taken into account,

seemed hardly possible. Nevertheless, like the case of

doping by boron, we managed to obtain positive results
using the chemical transport reaction (fig.1). Since

volatility of phosphorus is very high, we used a separate

evaporator to introduce its vapor in the crystallizing

DF. The evaporator was placed in the vicinity of the

crystallization zone. Before the experiment a portion

of 99.999% red phosphorus was introduced into the eva-

porator (fig.1). Changing the position of the evapora-
tor with respect to the most heated part of the graphite

source, we fixed the required temperature of the evapo-

rator measured using a thermocouple (fig.2). The resul-
ting colourless epitaxial Dr had the specific oonducti-

vity from 10- 4 to 10-1 Ohm'm " and the activation
energy of conductivity Ea equal to 0.11 and 0.04 at the

phosphorus concentrations in DF equal to 0.01 and 1 wt.%,
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respectively. It is noteworthy, that at high levels of

doping by phosphorus the linear rate of the DF decreased

by 3 and more times (fig.3). This, undoubtedly, is related

at least partly to the "dilution" of the crystallization
medium by phosphorus vapors, whose partial pressure may

amount to an appreciable share of the total pressure. The
Seebeck coefficient measured on the DP doped by phosphorus

was equal to 120 V/K. Its sign points to formation of

semiconducting diamond with n-type conductivity.
According to RBS-data most of the boron and phospho-

rus atoms in p- and n-type DF (at a doping level of 0.1

at.%) occupied substitution positions in the diamond
lattice. As regards the general peculiarities, it is

necessary to note, that the distribution coefficient for

impurity in vapour and diamond phase normally is -1 for
boron and *%o 1 fQr phorphorus. The DP obtained recently

4
by M.Kamo et al., who used phosphine PH3 as a source of

phosphorus, have much lower conductivity of about 10-6
Ohm-lcM -1. Possibly, the higher conductivity of our DF

is due to a relatively low concentration of bonded hydro-

gen and/or other impurity or intrinsic defects. It is

rather probable, that the control of electrically inactive

impurities, especially, of bonded hydrogen in DF disclosed

the route to more efficient doping by electrically active

impurities.

5. The doping of DF by other impurities was studied

using lithium and sulphur as an example. High concentra-

tions of lithium (and its compounds) introduced into the

growth medium by the evaporation of LiH, did not lead to

an apreciable increase in conductivity of the DP. However,

the introduction of sulphur vapors in the gas phase allowed

films with a conductivity of 10- 4 - 10- 3 Ohm- 1 cm- and

Ea=0.17 eV to be obtained. The difficulty in producing
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ohmic contacts to the DF doped by sulphur, probably,

points to n-type conductivity of the DF doped by sulphur.
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PRODUCTION OF LARGE-AREA MOSAIC DIAMOND FILMS
APPROACHING SINGLE-CRYSTAL QUALITY

M. W. Geis
Lincoln Laboratory, Massachusetts Institute of Technology

Lexington, Massachusetts 02173-9108

H. I. Smith
Department of Electrical Engineering and Computer Science

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

A process has been developed to obtain large-area mosaic diamond films

approaching single-crystal quality.1 The technique includes patterned etching of structures

in Si substrates, deposition and orientation of diamond seeds in the structures, and

chemical vapor deposition overgrowth of the diamond seeds to form a continuous film.

Patterned etching of (100)-oriented Si substrates is performed using standa-d

photolithography to obtain 90-pum-square etch pits, faceted on (111) planes, on 100-pum

centers. Commercially available (111)-faceted diamond seeds, 75 to 100 pm in diameter,

are deposited on the patterned substrates and become fixed and oriented in the etch pits.

From optical and x-ray characterization, up to 95% of the pits over an area of several

square centimeters contained diamond seeds oriented to within a few degrees of the

substrate crystallographic axes. An example distribution of the <100> crystal axes of the

seeds about the <100> axis of the Si substrate is shown in Fig. 1. After deposition,

homoepitaxial diamond is grown on the seeds to obtain a continuous diamond film.

Figure 2 is an optical micrograph of a diamond-seeded Si substrate before diamond

homoepitaxy, and Fig. 3 shows a seeded sample with - 240 pm of homoepitaxial

diamond. The stepped surface of the continuous film is the result of variation in the size of

the diamond seeds. The film consists of single-crystal diamonds joined by low-angle grain

boundaries of a few degrees or less. We believe that such grain boundaries will not affect

the electrical properties of majority carrier devices, since similar grain boundaries in Si
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films do not affect majority carrier transistors. The crystalline quality of these diamond

films is expected to improve with more uniformly shaped, smoother-faceted diamond seeds

and with growth techniques better suited for coalescent growth.
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ABSTRACT

Diamond films prepared by chemical vapor deposition are finding applications in a
number of areas, based on diamond's unique combination of properties such as high
thermal conductivity and hardness. This paper describes the use of a diamond film in
a gas flow sensor that operates much like a hot-wire anemometer.

INTRODUCTION

New applications for high quality polycrystalline diamond thin films are now possible owing to recent
developments in the selective deposition of diamond on silicon (1-2). One application under
consideration is a diamond thin film sensor suitable for measuring gas flow in corrosive and abrasive
environments (3). The proposed gas flow sensor utilizes several properties of diamond. The high
thermal conductivity of diamond serves to carry heat from a heat source to a heat sink. Gas flow
across the surface of the diamond changes the heat balance established in the diamond and these
changes are detected by resistors embedded in the silicon below the diamond. The high electrical
resistance of the diamond prevents any leakage current across the embedded resistors. Diamond's
hardness adds lifetime to the sensor in corrosive or abrasive environments.

This paper summarizes the synthesis and characterization of a first generation diamond film gas flow
sensor. The diamond for the sensor was deposited by a microwave plasma chemical vapor deposition
technique. Patterning of the diamond was accomplished by selectively oxidizing the silicon surface
prior ot diamond deposition. The performance of the sensor conformed to hot-wire anemometry
theory, and the thermal responce of the sensor compared favorably to results from a thermal analysis
model. The model was used to predict changes in sensor performance with geometry. Improvements
in the design of the sensor will also be discussed.

MATERIALS AND METHODS

The gas flow sensor was similar in design to a constant temperature hot-wire anemometer, with the
polycrystalline diamond thin film serving as the active element, as shown in figure 1. The diamond
film was deposited between two resistor regions which consisted of boron diffused in silicon. Dual
four-point probes were chosen as the configuration for the heat source and heat sink resistors, and
they were placed symmetrically about the diamond window so they could be interchanged if necessary.
Electrical current passing through one resistor created heat and this heat was conducted along the
diamond element to the other resistor. Gas flowing across the surface of the diamond removed heat
from the system and altered the temperature of the sensing resistor. Current was added to the heater
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resistor to compensate for the decrease in temperature at the sensing resistor, and the added current
determined gas flow.

In order to build the gas flow sensor, it was aecessary to merge two technologies, the selective
deposition process for diamond, and the batch fabrication processes for silicon. For example, the
diffused resistors had to be formed before diamond film deposition and the resistor contact pads had
to be opened and metallized after diamond film deposition.

Briefly, the heat source and the heat sensor resistors were derived from doping the n-type silicon
substrate with boron. Boron-doping was carried out in a two step process, with diffusion of the boron
occurring at 1050C and drive-in of the boron occurring at 1100*C.

Next, the silicon substrate was prepared for the selective deposition of diamond according to the
method of Davidson et al. (1). The surface of the silicon was first scratched with 0.25 jim diamond
paste. A mixture of dichlorosilann and ammonia gas at 800"C was used to deposit a layer of Si3N4
over the entire wafer to protect the scratches in the desired areas from the subsequent oxidation.
After the Si3N4 was removed from all areas except those desired for diamond growth, a layer of SiC) 2
approximately I jim thick was grown on the wafer using pyrogenic steam at 1000*C. Removing the
remaining nitride opened a window exposing the original scratched area.

The diamond was grown in 4x10 mm exposed regions by microwave plasma chemical vapor
deposition using a mixture of hydrogen and methane gas, at a substrate temperature of 900*C. The
growth occurred only in the nonoxidized regions. The 1332 cm" line in the Raman spectrum
confirmed the presence of diamond, as shown in figure 2, and an SEM photograph showing the
selectivity of this process is shown in figure 3. The as-grown diamond was a continuous film 10 to 20
pm thick.

After diamond growth, contact windows were opened in the oxide region remaining over the resistor
contact pads. Next, an array of aluminum pads was defined in order to wire bond to the diffused
resistors. The completed device was mounted on a ceramic substrate, and attached to an electrical
circuit capable of energizing the heater resistor and measuring the resistance change in the sensing
resistor. A completed device is shown in figure 4.

The thermal performance of the device was modeled using TAK2, a thermal analysis program, using
the node configuration shown in figure Sa. The thermal response of the model at the node
corresponding to the heat sink resistor was matched to the experimental results by varying the input
power at the node corresponding to the heat source resistor and by varying the loss of heat due to
convection. After matching the response of the model to the experimental results, the response of the
flow sensor was evaluated for the ideal case of a free-standing diamond bridge (figure 5b), as a free-
standing diamond bridge was unable to be made experimentally.

RESULTS AND DISCUSSION

The diamond film flow sensor described above is similar, in kind, to a hot-wire anemometer., The
relationship between the heater power and the gas flow rate is given by equation 14:

I2R = (t.- tt) (S) [C1 + C2 ( V)'/ 21 (1)

where t is the operating temperature of the sensor, t$ is the temperature of the gas, S is the surface
area of the hot-wire, C and C2 are constsnts, a is the density of the gas, and V is the velocity of the
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gas. The flow sensor worls by forcing sufficient current through the heater resistor to maintain a
constant temperature at the sensing resistor. According to equation 1, a linear relationship should
exist between 2 and V1/2.

Heater current and gas flow data for one of the diamond sensors are presented in figure 6. The data
are linear up to 5 //min, the highest velocity tested. Although the sensor worked according to theory,
several problems surfaced during testing.

In a typical experiment, the current used in the heater resistor was approximately 8 mA. With this
current, the resistance of the sensing resistor increased by only 1.5 ohms, and this change occurred
after an elapsed time of nearly 60 seconds. Using the temperature coefficient of resistance of the
boron-doped resistors, this 1.5 ohm change in resistance corresponded to a change in temperature of
about 2°C.

The response time observed for the diamond flow sensor is compared to the response time obtained
from the thermal analysis model in figures 7a and Th. To make the model fit the experimental data,
an input power of 15.63 mW was applied to the heat source node and a convective constant of 0.007
W/cm2C, typical of forced air convection, was applied across the top of the entire anemometer. These
constants were used for all subsequent modeling calculations. The input power used at the model heat
source node was about 28% of the actual input power sent to the resistance heater, suggesting that
nearly three quarters of the power was dissipated along the boron-doped regions away from the
diamond coating.

The model was changed to reflect a free standing diamond bridge structure, as shown in figure 5b,
and the results are summarized in figure 7c. Using this geometry, the response time of the free
standing diamond bridge structure was found to be similar to the non-free standing case. Hence, one
can conclude that the rate of temperature increase detected by the heat sink resistor must be
dominated not by the thermal conductivity of the diamond, but by the thermal capacitance of the
silicon being heated by the heat source resistor.

Conventional hot-wire anemometers typically operate at several hundred degrees Celsius, and have
a response time on the order of 10 milliseconds (4). Hence, the diamond anemometer described here
is considerably less efficient than conventional hot wire anemometers. Part of the problem may be
traced to the bulky nature of the chosen geometry, where the large thermal capacitance yields a
sluggish response. Decreasing the size of both the diamond and the silicon components would most
certainly improve the response time. Further improvements may be derived by using metal
components for the heat source and heat sink resistors so that higher temperature operation may be
achieved.

CONCLUSIONS

A first generation diamond gas flow sensor was built by merging two technologies, selective
deposition of polycrystalline diamond, and batch fabrication of silicon semiconductors. The
performance of the sensor followed conventional hot-wire anemometry theory, but was found to have
a slow response time, and was limited by low temperature operation. Future generations of these
diamond gas flow sensors will require smaller dimensions and higher temperature operation. Such
diamond sensors may prove to be useful and durable in measuring gas flow in corrosive and abrasive
environments.
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Figure 1. Schematic diagram of the diamond gas flaw sensor.
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Figure 2. Raman spectrum of the diamond film showing the characteristic peak at 1332 cm-1.

Figure I. Scanning electron micrograph showing the selective deposition of diamond films.

612



Figure 4. Complete diamond heat flow sensor, attached to a ceramic substrate.
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lFigure 5. Node configuration used for modeling the heat transfer in the diamond anemometer, (A)
node assignment for experimental prototype, (b) node assignment for free-standing design,
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AUTRACT

A novel process for the formation of microchannels
in synthetic polycrystalline diamond thin film on a
single crystal silicon substrate is developed using
anisotropic chemical etching of silicon and selective
growth of diamond. The polycrystalline diamond thin
films were grown by high pressure microwave plasma
assisted chemical vapor deposition using a gas mixture of
methane and hydrogen gases. Fabrication procedure,
scanning electron microscopy views of surface morphology,
cross-sectional features of microchannels in
polycrystalline diamond thin films, and potential
applications of microchannels are described.

INTRODUCTION

The thermal conductivity of natural diamond, 20 W/cm-'K,
is 4.65 times that of copper. Copper has been widely used as
a heat sink material for electronics packaging technology.
However, the prospect of an insulating heat sink offers
significant advantages for hybrid microelectronics packaging
and other applications. Thus the high thermal conductivity of
diamond makes this material very attractive for a wide range
of heat sink applications.

The highest thermal conductivity of chemical vapor
deposited (CVD) diamond thin films obtained so far was about
10 W/cm-*K, which is ~2.3 times that of copper (1,2). If the
films used in heat sinking applications are of the same or
better quality, then a significant improvement in heat
dissipation is possible if diligent steps are taken to reduce
interfacial thermal resistance (device/diamond). This could
lead to an effective and compact technique for heat removal
from high power electronic devices.
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Recently, there has been considerable interest in
convective heat-transfer microstructures for cooling of
silicon chips wherein liquid (water etc.) or gas flows through
microchannels etched in the backside of %ilicon wafers (3-6).
Heat dissipation from chips of various sizes is effective,
with little rise in temperature for the device during service.
Similarly, microchannels in polycrystalline diamond thin films
may be used for forced gas or liquid cooling of planar
integrated circuits to dissipate the heat in the device to
achieve compact, high-performance characteristics (better than
copper, silicon, etc.).

Figure 1 shows schematically the microchannels fabricated
in polycrystalline synthetic diamond thin films on a silicon
substrate with the attached high power density electronic
device on the diamond. A prerequisite for building such a
structure to use the high thermal conductivity is to develop
a process to fabricate microchannels in synthetic diamond thin
films.

3XPERIMNTAL PROCEDURE

Starting substrates were n-type silicon wafers, 5 cm in
diameter, (100) orientation, polished on both sides, and with
a resistivity of 2-6 ohm-cm. They were manually scratched
only on the top side using diamond paste, 0.25 pm mean
particle size. The wafers were then washed in running DI
water for 10 minutes, rinsed with methanol, ultrasonically
agitated in DI water for 10 minutes, and dried with nitrogen.
Silicon nitride was then deposited, thickness - -0.2 pm, using
a low pressure chemical vapor deposition (LPCVD) technique
with dichlorosilane and ammonia at a substrate temperature of
8006C. The silicon nitride was then photolithographically
patterned, plasma etched in CFVO 2 (10:1), and then the
photoresist was removed with acetone. With the nitride
patterned, the exposed silicon area was etched in KOH solution
to form 30-50 pm deep microchannels in the silicon. The
silicon wafers were then thermally oxidized using pyrogenic
steam at 10000C for 45 hours to form a silicon dioxide
thickness of 1.5 - 2.0 pm. The oxidized wafers were immersed
in a buffered oxide etch (NH4F + HF) for 30 seconds to remove
a thin layer of oxide on the silicon nitride, then rinsed in
running DI water for 15 minutes. The silicon nitride was
completely etched in hot phosphoric acid (-180"C), washed with
running DI water for 10 minutes, rinsed with acetone, and
methanol, and dried in nitrogen.

To supplement this process description for selective
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diamond deposition (7,8) and microchannel formation in
polycrystalline diamond, a schematic process flow is shown in
Figure 2. An enlargement of step VIII in Figure 2a is shown
in Figure 2b. The lateral growth of diamond was anticipated
as shown in Figure 2b with dashed prtofile lines. The width
and thickness of the diamond "stripe" inside the dashed line
is proportional to the diamond deposition time. Over a period
of time during diamond deposition, neighboring diamond stripes
merge together, resulting in a continuous diamond surface on
the silicon substrate.

A commercially available high pressure microwave plasma-
assisted CVD system (Applied Science and Technology, Inc.,
Cambridge, MA) was used in orr experiments to grow the
polycrystalline diamond thin films. Typical deposition
parameters are: base pressure: 10.4 Torr; deposition pressare:
60 Torr; substrate temperature: 930-950*C; hydrogen flow rate:
500 SCCM; methane flow rate: 3.6 SCCM; forward power: 1200-
1250 watts; reflected power: <100 watts; deposition time: 139
hours. The deposition rate was typically 1 pm/hour at the
temperature mentioned.

IRSULTS AND DISCUSSION

Figure 3a is a scanning electron micrograph of a
selectively deposited diamond (deposition time: 24 hours) on
a silicon substrate and (b) the magnified view in the
microchannel area. Well faceted diazond and the lateral
growth from the desired pattern are quite clearly seen in
Figure 3b. Figure 3c is the morphology of the top side of the
diamond film after all the selectively deposited
polycrystalline diamond areas have impinged. The thickness of
polycrystalline diamond film is about 80 - 100 pm. Total
deposition time to obtain a continuous diamond surface depends
on the channel separation distance. In Figure 3 the channel
width is 75 pm and the separation is 225 pm. The diamond
deposition time was 139 hrs.

As predicted by Figure 2, the distance between diamond
stripes decreases as a function of the time of diamond
deposition. Eventually they impinge on the top portion of the
diamond thin film but leave open space underneath, forming
microchannels with the aid of intentionally etched silicon
areas between selectively deposited diamond areas.

An experiment was started with a reduced microchannel
zwidth (17 ± 1 Am). Figure 4 shows the measured microchannel

width as a function of time of deposition of polycrystalline
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diamond. This plot clearly shows that lateral growth is very
high initially but reduces asymptotically to nearly zero.

Figure 5 is a scanning electron micrograph of a cross-
section of a microchannel in diamond on a silicon substrate.
The channel is an open space underneath the diamond between
two selective diamond deposltion areas. The contour of the
diamond growth within the channel is clearly similar to that
anticipated. The dashed lines in Figure 2b may now be
visualized to understand the growth of diamond.

The diamond film was removed from the silicon surface and
the morphology of the microchannels on the backside of the
polycrystalline diamond thin film was observed. Figure 6 is
a magnified view of a single microchannel in the
polycrystalline diamond. The edge of the microchannels in the
diamond film has the opposite slope of the silicon etch area.

Figure 7 shows an optical micrograph of the top view of
the complete device of fabricated microchannels in synthetic
polycrystalline diamond on silicon substrate. Size of the
device is 1.9 cm x 1.9 cm. The two transparent rectangular
regions in the micrograph are free-standing polycrystalline
diamond where silicon is etched from the backside to provide
inlet and exhaust plenums for the coolant fluid.

Figure 8 shows an optical micrograph of polycrystalline
diamond thin film cantilever beams (one side supported) on a
single crystal silicon substrate. This structure has been
designed for thermal diffusivity studies of the
polycrystalline diamond, in which a high wattage laser is
focused on a beam end, while the transient thermal response is
measured using spatially resolved IR spectroscopy.

Efforts are underway to reduce internal stress in the
polycrystalline diamond thin films, thereby improving adhesion
strength, by growing diamond at lowered substrate temperatures
(9). Additional efforts include optimizing deposition
parameters to obtain the highest possible thermal conductivity
(and high electrical resistivity) in the as-grown thin films
by reducing nitrogen and other impurities such as graphite,
amorphous carbon, etc., identifying suitable bonding materials
to interface active devices to the diamond microchannel heat
sink., investigating potential coolant gases to flow through
the microchannels to maximize heat transfer, optimization of
the microchannel cross-section dimensions as well as the
channel deptt to channel spacing ratio for maximum cooling
efficiency (10).
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In summary, a novel process has been developed and
demonstrated to fabricate microchannels in polycrystalline
diamond thin films on a silicon substrate using selective
growth of diamond for heat sink applications. Free standing
polycrystalline diamond cantilever beams have been fabricated
to characterize thermal conductivity properties.
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Figure 1. Schemuatic diagram showing several views of
microchaniels fabricated in polycrystalline synthetic diamond
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Figure 2. (a) Schematic diagram of the process flow steps to
form microchannels in polycrystalline diamond thin films on a

silicon substrate and (b) Detail of step VII in Figure 2a.
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Figure 6. Scanning electron micrograph of the backside of the
polycrystalline diamond microchannel after the silicon
substrate is chemically etched.
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Figure 7. Optical micrograph
of the complete device of
the fabricated microchannels
in polycrystalline diamond
on silicon substrate (Top
view, size: 1.9 cm x 1.9
cm). Transparent two
rectangular free-standing
diamond areas.

Figure S. Optical micrograph of
polycrystalline diamond
cantilever beams (one side
supported).
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One of the important considerations in electronic
packaging is the dissipation of heat generated by
the electronic devices and their interconnections.
Diamond has a unique combination of highly desirable
properties, i.e., high thermal conductivity combined
with high electrical insulation, chemical inertness,
hardness and optical transparency. In our program
seeking new materials for electronic packaging,
diamond films have been deposited on silicon and
quartz using chemical vapor deposition (CVD). Two
CVD techniques were studied. Following established
practice, uniform diamond films were grown from low
methane concentrations in hydrogen gas using hot
filament CVD. In another method of microwave
plasma assisted CVD, it was found that diamonds of
relatively high purity are obtained using methanol
without additional hydrogen, in contrast to the
general notion that excess hydrogen is necessary.

INTRODUCTION

Most power intensive semiconductors require enhanced
thermal dissipation to lower their junction temperature to
acceptable levels. This involves the heat from a source,
usually a semiconductor chip, to be transferred to a sink,
usually an air cooled, finned heatsink. Generally,
electrically insulating adhesives with thermal conductivity
of approx. 1.1 W/m°C are used as the internal thermal
enhancement. This conductivity could be improved upon by a
factor of seven (silver-epoxy) to eighty (silver-solder).
However, most or all of these higher conductivity adhesives
are electrically conductive. Therefore, if the inactive
side of the chip is held to some electrical potential or
the chip requires isolation from electrostatic discharge,
the metal doped adhesives fail to meet a basic criteria for
selection. Polycrystalline diamond thin films can provide a
thermal enhancement path that has high thermal conductivity
and excellent electrical insulation/isolation between the
source and sink (1).
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In addition, worldwide interest in diamond films arises
because of its very low coefficient of friction and wear
rate which is well known in tribology, as well as, the
unique optical (uv-vis-ir transparency) properties with
chemical inertness.

Polycrystalline diamond films can be deposited on
various substrates by plasma-assisted chemical vapor
deposition (PACVD) or by hot filament chemical vapor
deposition (HFCVD) (2). Both methods were applied in this
work using different feed gases. The quality of the diamond
deposits was determined b? Raman spectroscopy i.e., the
sharpness of the 1332 cm- diamond band and the background
level as an indication of the amount of non-diamond carbon,

EXPERIMENTAL

The hot filament chamber consisting of UHV components
was pumped by a mechanical pump to a base pressure of 1Pa.
A tungsten coil about 12mm in length and 3mm in diameter was
used and kept at a distance of 4mm from the substrate during
deposition. If the hot filament is exposed to the mixture
of hydrogen and methane, it changes chemically and becomes
very brittle. Therefore, care was taken to isolate the
reaction chamber vibrationally from the mechanical pump.
During deposition the temperature of the filament was
2000-2200'C measured with a pyrometer. At a pressure
between 5.3kPa and 6kPa this was sufficient to heat the
substrate up to that temperature required for the diamond
deposition. The temperature on the substrate was not
measured directly on the substrate but with a thermocouple
attached close to the edge of the substrate. Therefore, the
measured temperatures were systematically lower than the
true sLbstrate temperatures. Nevertheless, this arrangement
was sufficient to enable reproducible depositions.

The mlc,owave deposition chamber was designed similar
to that described by Meiners, et.al. (3). The cavity was
made ef brass with an inner diameter of 203imi and an
adjustable length of 63mm to 130mm. A 22.5mm o.d. quartz
tube ws set at the center of the cavity passing the two end
plates. The magnetron was mounted in the wall of the
cavity. To prevent leakage of microwave radiation lead
foil was put between the cavity wall and the magnetron
housing. The components to generate the microwave radiation
were taken from a portable 600W microwave oven operating at
2.45GHz. An additional variable transformer was used for
adjusting the power input to the magnetron.
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The substrate holder consisted basically of an alumina
ceramic rod 12.7mm in diameter and was placed inside the
cavity to enable the plasma to reach the substrate. With
two molybdenum clamps the substrate was attached to the
holder. A chromel-alumel thermocouple was attached on top
of the substrate. Those parts of the thermocouple exposed
to the microwave radiation were shielded by thin alumina
tubes to prevent the thin wires from burning through. The
reaction cell was pumped by a mechanical pump and therefore,
the base pressure was about IPa. The leak rate of the
system was smaller than O.Olsccm compared to a gas flow of
50-100sccm during deposition. The flow was controlled by
Vacuum General mass flow sensors. Typical deposition
pressure was 6.6-8kPa.

A common observation in diamond deposition is that the
substrate has to be roughened. The quartz and silicon
substrates were scratched with a diamond tip or mechanically
polished with 3um diamond powder. The feed gases used were
high purity hydrogen (Liquid Carbonics, 99.9%), methane
(Matheson, 99.9%) and methanol (Baxter, water content less
than .009%). The deposition procedure was as follows.
First, the substrate was heated up to the required
temperature in a pure hydrogen atmosphere and in the case of
pure methanol in a pure helium atmosphere. Then the methane
was added or the helium was replaced by methanol.

RESULTS AND DISCUSSION

Fig. la shows a SEM micrograph of a diamond film
deposited by HFCVD at a measured temperature of 750'C.
Silicon was used as a substrate. The gas mixture was 1%
methane in hydrogen. The facets of the diamond crystals,
together with twinning and dislocations, can clearly be
seen. The cross section of the same film is depicted in
Fig. lb. The film with a thickness of 7um is dense
containing many grain boundaries. Fig. 2 shows the
corresponding Raman spectrum. No other peak than the
typical diamond peak appears indicating a very purl diamond
film. The peak poiition of the band is at 1333cm' with a
line width of 8cm- . The wave-like structure of the
background is an artifact caused by the Raman spectrometer.
In our present experimental arrangement, which is focused
primarily on the investigation of the basic mechanisms of
diamond deposition, only an area of 1cm in diameter was covered.
For technical applications it should be no problem to cover
larger areas by simply changing the filament arrangement
and/or translating the substrate.
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Fig. 3 shows a Raman spectrum of a diamond film
deposited on quartz. The experiment was carried out with
pure methanol in the microwave deposition chamber. The
microscope reveals well faceted crystals with a size of
8-10um. The deposition time was about 1 hr. at
temperature of 8500 C. The sharp peak at 1332cm"f, which is
characteristic for diamond, clearly dominates this spectrum.
The halfwidth of the peak is about 9cm". This Is
considerably larger than the value of about 2cm' found for
natural or high pressure diamonds. No graphitic peak can e
seen in this spectrum which should appear at aboyt 1580cm"
The background and the broad band around 1520cm- can be
caused by amorphous structures, graphitic carbon and
microcrystallinic effects. This background structure is
basically the same as in the so called diamond-like carbon
films which do not show the characteristic diamond peak, but
have some properties similar to diamond i.e., hardness or
electrical resistivity. For a detailed discussion of the
characterization of diamond films with Raman spectroscopy
the reader is referred- to (4). The spectrum shown here is
representative for most of the substrate area. Due to
inhomogeneities in the plasma and temperature gradients on
the substrate the deposition was not uniform over the whole
substrate area. Depending on the areas, the background
level of the spectra differed, and generally, the linewidth
of the diamond 1band decreased with the background level down
as low as 5cm " .

The spectrum of Fig. 2 is interesting because it
represents a deposition using pure methanol. Use of organic
compounds other than methane has been reported in the
literature. In those cases the gases were always mixed with
an excess amount of hydrogen (5,6). This excess of hydrogen
is generally considered to be essential for the deposition
of diamond films because of its selective etching of
graphite (7). 1nothetr role ascribed to hydrogen is tn
maintain the sp hybridization of the unreconstructed
diamond surface by reacting with the surface dangling bonds
(8). On the other hand, it has been observed that the
addition of oxygen can improve the deposition of diamond
(9-11). Our result is consistent with the work of Tanabe et
al.(12), who also found that diamond films could be
deposited from a mixture of 02-CH4 without additional
hydrogen.
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CONCLUSION

This work presents results of diamond deposition
carried out with both a microwave plasma deposition chamber
and a hot filament reactors both of which can be scaled up
to deposit larger areas. It is also shown that high quality
diamond films can be grown using only an oxygen containing
hydrocarbon. Lateral thermal conductivity measurements of
diamond films reported so far (13,14) indicate that high
quality diamond films, inspite of their polycrystalline
structures, can have conductivity level higher than that of
copper at room temperature Thus, indications are that
diamond films can play a significant role in electronic
packaging.

Despite the fact that very pure diamond films can be
grown, the SEM micrographs show a problem which is presently
limiting some of the technical applications of diamond
films. In order to obtain smooth films the nucleation sites
on the substrate have to be very dense. Up to now, it is not
clear what factors influence the nucleation. Roughening the
substrate has been found to promote nucleation but it leads
to a microscopically rough diamond surface. Successful
attempts to grow diamond epitaxially have been reported only
on diamond substrates (7). Reports of heteroepitaxy of
diamond films (15) have started to appear but the area is
still quite limited. Another problem which must be overcome
is the adhesion of the films to the substrate. In the case
of diamond on silicon, the films showed good adhesion and no
cracks, but uniform deposition directly on quartz turns out
to be difficult. The films show cracks and above a
thickness of a few micrometers the film can peel off.
Future expPriments have to be focused on the early stage of
nucleation in order to get an understanding of the important
initial steps of diamond deposition which determine the
properties of the film.
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V

Fig. 1 a) SEM micrograph of a diamond film on silicon
obtained by HFCVD with a mixture of 1% methane
in hydrogen. b) The cross section of the film. The
film thickness is 7 pm.
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PROGRESS IN THE DIAMOND FILM
RESEARCH AT UT DALLAS

F. Davanloo, D. R. Jander, T. J. Lee,
H. Park, J. H. You, and C. B. Collins

University of Texas at Dallas
Center for Quantum Electronics

P.O. Box 830688
Richardson, Texas 75083-0688

ABSTRACT

Amorphic diamond films can be grown in a UHV environment free
from hydrogen with a laser plasma discharge source. In this technique
the output from Nd-YAG laser is focused on a graphite target. The
gross effect of the laser beam is to eject a plume of carbon wpor and
then to ionize it. At laser intensities used to produce nominal quality
films, the plasma is fully ionized. It is composed of multiply charged
carbon ions with kinetic energies in order of I keV. Quenching of such
energetic ions yields diamond films that adhere more readily to materi-
als for which there are important applications as protective coatings.
Analyses of the interfaces of these films on different substrates show
interfacial layers with significant thicknesses. The adhesion and
mechanical properties of these amorphic diamond films on different
substrates will be reported,

INTRODUCTION

Recently, we remarked (1) upon the return of interest to the class of diamond-
like carbon films which contain minimal amounts of hydrogen, if any. The first
extensive survey of the properties of hydrogen-free diamond films condensed from
laser plasma discharges was reported subsequently (2). There were documented the
optical and mechanical properties that are so essential to the practical applications of
the new material termed amorphic diamond. Scanning tunneling microscopic (STM)
examinations revealed a conglomerate structure containing dense particles. At the
high electric fields used in those examinations the particles were found to be more
resistant to erosion than the binding component, and so were concluded to represent
the most diamondlike phase. The combination of structural size together with the
large band gap obtained by simple optical absorption techniques placed the material
produced with our laser plasma source far outside the range accommodated by the
model of graphitic islands.
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In a continuation of research (3), optical properties and mass densities of
deposited films were studied in detail. It was determined that the net film transpar-
ency arose from a physical mixture of clear and opaque materials and the apparent
band gap served as a lower limit to the actual value characteristic of the more
transparent component. The residual absorption of the films was a result of the
physical mixing into the material of undigested graphite collacted during the laser
deposition.

Very recently microstructural studies of amorphic diamond were performed and
a clear prevalence of dense nodules was observed. Grain sizes were in order of I000
X and the diamond character was attested by the agreement of morphology, high
density, optical properties, soft x-ray spectroscopy, and lack of appreciable hydrogen.
The principal conclusion was that material prepared with a laser plasma source had the
structure which agreed closely with the theoretical predictions (5).

Amorphic diamond films have the unique properties of being hard but resilient,
extremely resistant to chemical attacks and transparent in the infrared region of the
spectrum. These properties together with the room temperature growth environ-
ment make this material suitable for abrasion and corrosion protection and for
antireflective coating of sensitive and fragile optical materials used in various
applications

Reported here are details of the adhesion and mechanical properties of amorphic
diamond films prepared by a laser plasma discharge source. Internal compressive
stress was measured using a beam bending method and a low value of 0.86 GPa was
obtained. Analyses of the interfaces of these films on different substrates showed
interfacial layers with significant thicknesses. The adhesion prop.rties on ZnS and
other substrates were also studied under harsh environmental conditions. It was
shown that the coating of laser plasma diamond can protect substrates and increases
the lifetime against abrasive wear from particulate impacts.

PREPARATION AND CHARACTERIZATION

Figure I shows a schematic representation of the system reported earlier (1-3)
for growing diamond films from laser plasma discharges. Basically, the mechanism
for producing the laser ablation was straightforward, as seen in Fig. I. Passing
through a window into the UHV chamber with a diameter of about 8 mm, the pulsed
laser beam was turned and focused with high quality optics fixed in the evacuated
space. The laser delivered 250-1400 mi to a graphite feedstock in a UHV system at a
repetition rate of 10 Hz. For the production of films with nominal qualities, the
beam was focused to a diameter chosen to keep the intensity on the target near
5x| 011 W cm- 2 and the graphite was moved so that each ablation occurred from a new
surface. A high current discharge confined to the path of the laser-ignited plasma was
used to heat and process the ion flux further. Discharge current densities typically
reached 105-106 A cm 2 through the area of the laser focus (I). A planetary drive
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system for rotating substrates within the core of the plasma where they were
exposed to the ions insured the simultaneous deposition of uniform layers of
amorphic diamond over several substrates disks 30 mm in diameter.

Modeling studies have recently shown that the laser input alone is sufficient to
insure that the resulting plasma is fully ionized (6). At laser intensities around 5xl 0 i

W/cm 2, the plasma is composed of multiply charged carbon ions with kinetic energies
on the order of I keV (6). The impact of the laser plasma upon a substrate is
equivalent to an irradiation with a very high fluence ion beam. Quenching of such
energetic ions yields diamond while the condensation of neutral carbon produces only
graphite (3,4).

In general, films deposited onto substrates in vacuum show internal mechanical
stress which causes the substrates to bend by very small amounts. From measure-
ments of the bending of a well-defined substrate the internal stress of the film can be
calculated (7,8). Such a beam-bending method was utilized in this work to measure
the internal compressive stresses of our films. As seen in Fig. I, a thin Corning
cover-glass strip was used as a film substrate. Both ends of the glass were clamped
and on it a uniform diamond film with a thickness of 0.3 pm was deposited. Central
deformation under the influence of the film was obtained by profiling the middle of
the glass strip with a surface profilometer. A well-known equation (7) was used to
calculate the stress and the value of 0.86 GPa was obtained, This value is among the
low values of compressive stresses reported for diamondlike films. We believe that
this stress is due to the graphitic contents introduced by the arrival of spurious
particles of undigested feedstock and that the stress could be reduced further by
improving the sp 3 content of our films.

To date, over 1500 different amorphic diamond films of thicknesses varying
from 0.1 to 5.5 im have been deposited on a variety of substrates. The fact that
the films do not wrinkle, buckle, crack, or unbond, and that they exhibit good
adherences is indicative of low stress values and of the deep penetration of the
coating into the substrate materials.

Analyses of the interfaces of amorphic diamond films on different substrates by
Rutherford Back Scattering (RBS) confirmed the formation of interlayers. Data
points in Fig. 2 show a RBS spectrum of a nominal quality, I pim thick amorphic
diamond film on a Si substrate. The composition of the interfacial layer was
determined by a numerical simulation as shown in Fig. 2 by the solid line. The fit to
the RBS data was obtained by assuming a composition of 15OOxI015 C/cm 2 and
200x1 0 s SiC/cm 2. Attempts to fit the RBS data without considering SiC interlayer
failed as shown in Fig.2. The dashed line plotted the simulation curve assuming
10500x10 s5 C/cm 2 while the dotted line was obtained by considering 10600xO1s
C/cm 2. Similar RBS examinations and simulations were conducted on films deposited
on ZnS, TiAI6V4, and SiO2 and interfacial layers with composition of C2.5ZnS,
C0.62Ti0.3sAI00 5V0.02, and C0 sSiO2 were found, respectively.

635



Interfacial layer formation was also observed with Transmission Electron
Microscopy (TEM) examinations of interfaces between films and substrates. Fig.3
shows a transmission electron micrograph of the amorphic diamond interface with the
TiAI 6V4 substrate. The interface was underlined by a discontinous crystalline
precipitation of TiC compounds. The electron diffraction pattern in this region was
found to be characteristic of an usual epitaxial relationship with the. substrate. These
results indicated that amorphic diamond films had been chemically bonded to a wide
variety of substrates by the condensation of crystalline or amorphic interface layers
of compounds or alloys between the substrate and the film. The intermixing of the
substrate and coating were expected to be the cause of good adherence between
amorphic diamond films and a variety of substrate materials.

PROTECTIVE COATINGS OF AMORPHIC DIAMOND

Amorphic diamond films have the potential to protect optical windows
such as Ge and ZnS when it is important to maintain the integrity of the IR transmit-
tance of the window. In such applications films must be adherent and durable so that
they can protect the windows from rain and particulate erosions. In order to
establish a general magnitude of improvements in the resiliency of films to the dust
erosions, a quick look test apparatus has been constructed at our laboratory. A sand
blaster has been modified and incorporated into a test fixture for measuring both the
surface erosion effect on diamond film coating and the substrate material. Although
natural diamond is not thought to be resistant to the chipping caused by impacts of
high velocity particles, our amorphic diamond films were found to be resistant. Using
the sand abrader with glass beads 20-40 pm in diameter it was found that only !.0
pim of diamond significantly improved the resistance of a Si substrate to chipping.

Figure 4 plots Log [(1-1 0)/i s] as a scale of damage versus the times for which
bare and coated Si substrates were sand blasted. The scattered He-Ne laser intensity at
200 from the damaged film is given by I, while 10 is the same quantity measured

before damage and Is is the intensity from a standard scattering object for calibra-
tion. Differences in the details of the damage mechanisms between single crystal Si
and amorphic diamond give different slopes and forms to the curves making it
difficult to extract a single number for improvement. However, considering that a
half order of magnitude increase in light scattering from the damage pits is clearly
significant the levels of damage can be drawn in Fig.4. It can be seen that a I im
thick coating of amorphic diamond extends the lifetime against chipping of a Si wafer
by a factor of 30 to 50.
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Figure 2: A He p backscattering spectra of amorphic diamond film on a Si
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considering an nterfacial SiC layer, Dashed and dotted lines are simulation
attempts to fit the data assuming pure carbon interlayers. (Courtesy of J, C.

Pivin, Orsay, France)
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Figure 3: Transmission electron micrograph of the amorphic diamond film on a
TiAI6V4 substrate. An interfacial layer of TiC with precipitation feature is clearly
seen. (Courtesy of . C. Pivin, Orsay, France)
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Figure 4: Plot of the damage observed on test samples as functions of the times
for which they were exposed to the high velocity impact of a flux of glass beads.
Damage is plotted in units of the ratio of the relative scattering of laser radiation
incident at a 200 angle from the surface. Data describe measurements on a sample
of amorphic diamond film chemically bonded to a Si substrated in comparison to a
similar uncoated substrate.

639



WIDE-BANDGAP DIAMOND-LIKE CARBON FILMS FORMED BY
RF-DEPOSITION USIMG MAGNETRON DISCHARGE.

V.V. Sleptsov,V.M. Elinson,N.V. SimakinaA.M. Baranov
NPO "Vacuummashpribor",USSR, Moscow 113105, Nagorny pr.7

ABSTRACT.

RF-deposition method using magnetron
discharge has the properties which are summarized
below:the ion energy is not in excess of 350
eVspecific output power of substrate is 1.5
W/ce.

The a-C:H films with following optical
properties n=1.8-1.9; k-0-0.1; E =2-2.5 eV have
been obtained.Growth rate was 0.18 Am/mn.

With introduction of fluorinated components
into medium of hydrocarbons a-C:H films with
optical band gap in range E =2.5-3.2 eV and
specific resistance up 10 Oh*cm were produced.

Diamond-like carbon films permit to use them as
protective,passivating and tearless coatings as well as
active elements for micro- and optoelectronics due to their
high hardness,chemical inertnesstransparency in IR region
and possibility to change optical and electrical properties
in wide range.

Among the formation methods of films on the basis of
carbon, differing in energy range of particles and power
supply process[I-4J, the low-energy, low-temperature
methods based on heterogeneous ion- assisted reaction of
hydrocarbons on the substrate surface attracts a great deal
of interest, Reduction in particle energy taking part in

formation of films permits the film production with
increased content of diamond phase and corresponding film
properties.

Besides, low-energy particles permited the
semiconductor-diamond-like film heterojunctions with
negligible quantity of surface states on the interface to
be formed.

The purpose of this work is to investigate formation
features and properties of wide bandgap diamond-like films
obtained by RF-deposition using RF magnetron discharge.
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The deposition process was carried out by equipment
which provided individual operation of 100 mm diameter
plates with irregularity +3 %.There are water-cold
cathod-substrateholder and magnetic system in the center of
the camera.The magnetic system creates field (B -180 W)
near electrode.RF bias with frequency of 13.56 MHz was
applied to the cathod.The Ipplied to the operated surface
power could reach 1.5 W/cm .Carbon films were formed by
partially-ionized hydrocarbon flow (C6 H0Z ).Operating
presure was in the range 0.2-4.0 Pa.Ion current density
reached to 4.5 mA/cm .rowth rate was 0.18 pm/min.Films
thicknesses were more than 1.5 pm.

The dependences of growth rateoptical constants (nk)
and optical bandgap (E ) on ion energy and operating
pressure were studied.

The growth rate increase proportionally to applied RF
power (Fig.1).The dependence of growth rate on operating
pressure is the similar and is presented in Fig.2.

Calculation of nk and d values based on the
measurement of transmission (T) as well as the film (R) and
substrate (R') reflectivity in the visible and
IR-region.Measurement of T,R and R' were performed by
SPECORD M-40.Measurements accuracy of transmission and
reflection was 0.3 % and 0.5 %,respectively.The effects
of light interference in the film and multiple reflection
of light in the quartz wafers were taken into account.

The optical bandgap of these films were determined.The
dependence of Et on RF power are presented in Fig.l.The E
reachs the maxi um value when power was 80 W.The ion energy
in this case was 80 eV.

In the wavewlenght range 5-10 pm all the films are
transparent.In the range 0.6-0.8 nm the transmission
strongly depends on formation conditions.

The resistivity value of a-C:H films changes from
8*10' up to 8*10 Ohm*cm and depends on formation
conditions.

The composition of a-C:H films was studied by
SIMS.Regular spectrum of a-C:H film contained 4C, /3 CH*
and 1H+ secondary ions is shown in Fig.3.It was found that
spectra with maximum value of E -2.0 eV had minimum peaks
values of jH + andoCH# and maximbm values of 4C* peak.

With introduction of fluorinated components into
medium of hydrocarbonsthe a-C:H films with optical band
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gap in the range Eg=2,5-392 &V and specific resistance (up
10 Ohm*cm) are produced.

So, RF-deposition was employed for generation of
wide-bandgap a-C:H and a-C:H:F films with high specific
resistance and producability.
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DIAMOND-LIKE CARBON FILMS: DEPOSITION PROCESSES, PROPERTIES
AND APPLICATIONS.

G.F. IVANOVSKY, V.V. SLEPTSOV, V.M. ELINSON, A.M.BARANOV,
A.A. KUZIN, S.S. GERASIMOVICH
NPO "VACUUMMASHPRIBOR", USSR, Moscow, 113105,Nagorny pr.,j.

P.E. KONDRASHOV
Institute of Electronic Mashinbuilding USSR, Moscow,
109028, Bol.Vuzovsky per.,3/12

ABSTRACT

The comparative analysis of properties of
diamond-like carbon films formed by
plasma-enhanced CVD-method and magnetron
sputtering of graphite target is carried out.

The influence of process parameters and
film Lh~ckness on the phase composition,
electrical and optical properties as well as
mechanism of a-C:H film conductivity are
investigated.

By means of effective medium approximation it
is shown that a film's properties depend on phase
composition.

It is shown that carbon films may be used as
protective coatings for optical elements of power
laser and traditional optics.

Heterostructures.Si-,GaAs- a-C:H films were
obtained.The correlation between deposition
condition and density of surface states at the
semiconductor - a-C:H film interface is
determined.

Multilayer quantum well structures also have
been obtained on the base of a-C:H films of
different phase composition.

1.Introduction.

Having a great number of stable and metastable
modificationsand high activated barriers between thm,
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carbon is a basis of class of compounds, as distinct from
some ones with concrete properties(I).

So carbon films, e~hibiting many unique physical
properties, such as high microhardness, high transparancy,
high resistivity, chemical inertness, ecological
cleanliness of starting materials may be considered as new
perspective material for optics and as reflective and
steering mirrors in X-ray optics as well as elements of
electronics (2,3).

Amorphous carbon films(a-C:H) may be produced by means
of different ion-plasma methods (4-&).In this paper the
properties of carbon films obtained by two methods
(plasma-enhanced CVD-method and magnetron sputtering of
graphite target) are presented and possible application
fields are defind

2.Experimental details.

Amorphous carbon films were prepared by
plasma-enhanced CVD-method formed by cyclohexen vapour ano
by the sputtering of graphite target in ArC 6 Hf2 and their
mixtures.The deposition was carried out- on fused
quartz,SiGaAs wafers and others.The preliminary oxygen and
argon cleaning of wafers took place.

In the first case particle energy range was 0.5-5.0
keVion current density was in interval 0.5-1.5 mA/cm
,power applied to the substrate was in the range 100-800
W. In the second case particle energy was in the range
0.1-0 5 keVIion current density was in the range 0.1-10.0
;.A/cn ;power applied to the substrate was 1-100 W.

Calculations of refractive index (n),extinction index
() on the wavelength (X and film thickness (d) are based
on the measurement of light transmission (T and reflection
from the side of the film(R) and substrate(R°).The effects
of the light interference in the film and multiple
reflection of light in wafer were taken into
account.tMeasurement of TR and R" were performed by SPECORD
M-40.

The aluminium contacts and other metals proauced by
thermal deposition were deposited in order to study the
electrical properties of the films and structura.The
additional potential drop on the metallic contacts bas
considered during resistivity meac rement.
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3.Results and Discussion.

It was found that the variation of film formation
condition using first method resulted in the changes in
resistivity (p) from 105 upto 10 Ohm*cm and optical band
gap (ES ) 1.0-1.5 eV obtained from Tauc's coordinates
(7).When the graphite target is sputtered in various
medium, change from 1.0 to 10 Ohm*cm,and Ef changes in the
range 0.6-2.0 eV at considerably smaller power which
releazed on the substrate.

On the basis of optical constants of films the phase
composition was calculated.The calculation of phase
composition was made by means of effective medium theory
(8).The investigated films are assumed to consist of
diamond-, graphite- and polymer-like component and free
volume(microvoids) (9).

Films deposited by plasma enhanced CVD-method
according their optical constants (Fig.lcurve 1) and phase
composition (upto 40 % sp -hybridization bonds) were came
nearer to diamond-like films.

Films grown by sputtering in argon consist of graphite
phase (70-95 %) and have corresponding optical
properties(Fig. l,rurve2).

Films obtaned by magnetron sputtering in Ar and C6 HI2
contain mainly polymer phase (70-80 %) and dispersive
dependence of n on k brings in evidence(Fig.lcurve 3).

The influence of thickness on the film properties is
observed only during magnetron sputtering in Ar.The change
in dispersive dependence of n and k at EY =0.55 eV takes
place (10).

The dependence of resistivity of -arbon films produced
by magnetron sputtering in Ar on thickness is presented in
Fig.2.It is seen that the experimental curve may be divided
into 2 ranges. So far as films with thickness more 50 nm is
concerned the resistivity is not practically depended on
d.Reduction in thickness upto 30 nm leads t- sharp increase
in resistivity.

In order to elucidate the dependence of resistivity on
the thickness the temperature conducl .nce G=f(T) have been
analyzed for films with different thickn=us in the
temperature interval 77-300 K (11).

It was found that the Iqgarithm of conductance (In 0')
is directly propertional T "0 and the slopes of line are
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not dependent on thickness of films when d > 100 nm
(Fig.p).Such variation of corresponds to jumped mechanism
of conductance along the localized states at Fermi level
with variable length of jump.

Observed relations are violated when thickness of
films is reduced (less then 30-35 nm); It starts to change
with temperature proportional by T 1 /- .The slopes of curve
are dependent on thickness of films (a -C).Such behaviour
(T) corresponds to jumped mechanism of conductance with

vari le length of jump in two-dimensional case.

For films with thickness more than 100 nm the values
of density of states at Fermi level N(E F ),radius of
localisation of wave function( d~f ) and mean length of
jamp(R) were calcu ated at T=77 K.The density of states at
Fermi level is 1011 cm-3 eV-,the radius of localization of
wave function is 2.4 nm and mean length of jump is 19 nm.

In higher temperature range mechanism of conductivity
has been transformed from jumped to activational one.

Investigations of electrical and optical
propertieshigh values of microhardness (>3000 kg/mm2 ),
density(1.2-2.8 g/cm 3 ),small value of friction coefficient
permit to realize protective coatings for optical elements
of power laser and traditional optics.

Coatings for laser optical elements were formed by
means of magnetron sputtering of graphite target using gas
phase containing differert hydrocarbons.The thickness of
a-C:H films depositing on the surface of element is
25.0-50.0 nm.Coating transparency ranging from 4.6 up to
5.6 pmhardnessporositycorrosion- and beam resistance
were studied (12).

The reflection coefficients of mirrors protected by
a-C:H films and without them are coincided.The reflection
coefficients were 98.0± 0.5.The results of investigation of
copper mirrors with diamond-like coating have been shown
that there were no changes in scattering coefficient after
mirror exposure in fluorine atmosphere during 15 hours at

p, ssure 35 tor.

The structure of protective coatings on the basis of
a-C:H films as well as short-range order~size and type oF
clusters are studied by Auger-electror, spectroscopy
(13).Microhardness of films2 depending on formation
conditions was 3000-4000 kg/mm .

Optimal thickness of protective coating having maximum
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beam resistance was determined.Service life of laser
mirrors with protective coating based on a-C:H films was
increased by 3-4 times.

Multilayer coatings on the basis of a-C:H films
increase beam resistance of mirrors compared with monolayer
ones. In addition the multilayer coatings may be considered
as protective coatings for laser optical elements of
nearest IR region.

Besides these traditional applications areas selective
multilayer reflective mirrors based on Cr-C and W-C
systems(reflective coefficient 20-25 %) and stirring
mirrors (reflective coefficient 60 %) for soft X-ray
region have been prepared (14).

The properties of single-crystal semiconductors -
carbon films heterostructures formed on Si and GaAs
substrates have been studied.The thickness of carbon films
was 30.0-100.0 nm.Si and GaAs substrates have a different
type of conductivity and various resistivity.

Voltage-current and voltage-capacitance and charge
transient characteristics of these structures have been
studied by V-DLTS method (15).

The alternation of "ultra thin" diamond-like fi-ms
with different phase composition permits multilayer quantum
well structures with minimum diffusion processes to be
formed.Quantum effects have been demonstrated in
voltage-current characteristics behavior.

It also found out that films formed by mentioned
methods could be utilized as protective coatings for
photomasks and protective and passivating coatings for
electronic scheme and devices.

4. Conclusi ons.

It was found that the change of properties under
changing deposition conditions might be related to phase
composition variation.

The phase composition of a-C:H films and their optical
and electrical properties may be also changed during growth
process.The observed change was found in the films obtained
in Ar.

The results of using a-C:H films as protective
coatings for optics were presented.Such coatings increase
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the service life of power laser optical element in 3-4
times.

It has been shown that essential possibility of
heterostructurej production with density of surface states
about 5*1010 cm at the semiconductor-a-C:H film interface
being acceptable f or production of MOS-device.
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